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ABSTRAKT  
Cílem této práce je analýza teplotního pole vysokonapěťového rozvaděče. Tato analýza je 
založena na kombinaci experimentálního měření a CFD simulace proudění vzduchu v pro-
storu rozvaděče. Na základě výsledků pro referenční geometrii jsou předloženy návrhy na 
úpravu topologie rozvaděče, které mají za cíl snížení teploty kritických komponent rozvaděče 
během jeho provozu. Druhá část práce je spojena s problematikou oteplení plošných spojů, 
jakožto hlavních zdrojů tepla v prostoru rozvaděče. Pro popis závislosti oteplení plošného 
spoje na jeho charakteru byla použita statistická metoda design experimentu. Výsledky 
z experimentálního měření jsou podpořeny konečně prvkovým modelem kontaktu spoje. 
 
Klíčová slova 
Vysokonapěťový rozvaděč, přenos tepla, CFD, přirozená konvekce, design experimentu, 
plošný spoj 
 
 
 
 
SUMMARY  
This thesis deals with analysis of thermal field inside high voltage switchgear cabin. It de-
scribes applied methodology based on combination of CFD simulation of air flow inside 
switchgear cabin and series of experimental measurements. Based on results for reference 
geometry it provides proposals of switchgear layout modification to decrease temperature 
rise on switchgear critical components during its operation. In the second part of this thesis 
problem of busbar joints is discussed. Busbar joints are one of the key thermal sources in-
side switchgear cabin. Statistical method of design of experiment is applied for experimental 
investigation of busbar joint temperature rise. Results from design of experiment are sup-
ported by finite element simulation of contact in busbar joint.    
 
Key words 
High voltage switchgear, heat transfer, CFD, natural convection, design of experiment, bus-
bar joint   
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1. PROBLEM INTRODUCTION 
Growing population and constant development of industrializing countries makes enormous 
need for electrical energy. Unfortunately, electrical energy cannot be always used in the 
same location as it is produced and thus it must be transmitted from power plants to end cus-
tomer. Transmission and distribution of electrical energy requires cables, transformers, 
switchgears and other devices that create energy loss. The most important loss in electrical 
devices is caused by Joule effect where energy is dissipated in form of heat. Generally cur-
rent passing through conductor generates heat which leads to rise of its temperature. After-
wards this heat bleeds away as lost energy. This creates taught design considerations not 
only in terms of devices efficiency but also in terms of its reliable operation at high tempera-
ture levels.  
High voltage switchgears are one of key components for electrical energy transmission from 
power plants to the end customer. They serve as an interface between primary and second-
ary electrical energy distribution levels. That means high voltage switchgears are usually 
used in distribution stations at power plants or in infrastructural sites as hospitals and indus-
trial enterprises. It is obvious that one hundred percent switchgear reliability is an absolute 
must. 
Maximum reliability is dependent upon maximum quality throughout the manufacturing pro-
cess - from switchgear development to its on-site installation. In practice it means that before 
stepping into production switchgear must pass through long series of testing. Temperature 
rise test prescribed by standard ČSN EN 62271-1 is one of the key tests. According to this 
standard strict temperature limits must not be exceeded. If tested switchgear fails this test it 
must be redesigned or used in lower operational levels. This is always undesired and con-
nected with additional costs. 
Aim of this thesis is to perform detail study of heat transfer inside high voltage switchgear 
cabin to bring higher understanding of processes affecting temperature rise of key compo-
nents during switchgear operation and to prepare modifications of current switchgear design 
to mitigate risk of product failure in terms of temperature rise test.  Object of study of this the-
sis is air-insulated switchgear where air surrounds critical electrical components. Under-
standing air behavior in switchgear cabin is required to be able to study heat transfer. Air flow 
in switchgear cabin is driven purely by natural convection thus combination of experimental 
testing and Computational Fluid Dynamics (CFD) analysis was applied to resolve this prob-
lem. 
The first part of this thesis focuses on description of thermal field of complete switchgear 
cabin and brings proposals of possible switchgear layout modifications enabling temperature 
drop on critical components. The second part of this thesis brings insight into the problem of 
busbar jointing as the main source of heat in switchgear unit. It describes application of sta-
tistical method of Design of Experiment (DOE) applied on temperature rise measurement of 
busbar joint aiming to find relations between design variables applicable in development of 
new switchgear units. Last section of this thesis presents Finite element (FE) structural simu-
lation of contact in busbar joint to support knowledge gained in DOE.  
This thesis was made possible by cooperation of ABB Brno, Heat Transfer and Fluid Flow 
Laboratory and Energy Institute of Brno University of Technology. 
 
  
FSI VUT VUT-EU-ODDI-13303-01-15 Energetický ústav 
 
9 
 
1.1 Joule heat – source of heat in switchgear cabin 
It is well-known that passage of electric current through a conductor releases heat. This heat 
is caused by interactions of carriers of electric charge (moving particles most usually elec-
trons) with other particles forming the structure of conductor. Charged particle in electric field 
is accelerated by potential energy of this electrical field. When it strikes particle from struc-
ture of conductor some part of its kinetic energy is transferred into the structural particle. In-
crease of kinetic energy of structural particle expresses as the rise of temperature of conduc-
tor. This relation is described by Joule’s first law and dissipated energy is called Joule’s heat 
or resistance heat stated in two formulas below. 
Heat power lost by passage of current through the conductor can be described as: 
𝑄 = 𝑈𝐼                                                                           (1.1) 
Where: 
Q[J] is heat power. 
I[A] is electric current traveling through conductor (element). 
U[V] is voltage drop across the conductor. 
After application of Ohm's law formula (1.1) can be rewritten as:  
𝑄 = 𝑅𝐼2                                                                         (1.2) 
Where, R[Ω] stands for overall electrical resistance of the element. 
From this equivalent form it is visible that the rise of element resistance leads to higher heat 
power dissipation. Higher heat power dissipation implies higher element temperature. Main 
focus in switchgear design is to lower resistance of each element on the lowest possible lev-
el.  
For purpose of further described experimental testing and CFD study of air inside whole 
switchgear cabin all heat sources remained of constant resistance and heat power was simp-
ly defined by switchgear operation level. Desired temperature drop on critical switchgear 
components was enabled only by switchgear layout modification. 
1.2 Current state of technology, High Voltage Switchgear Thermal Analysis 
Currently in practice, there are two main methods used for calculation of heat transfer in 
switchgear unit. The first approach is so called Thermal network method (TNM) which pro-
vides extremely low computational cost but also low accuracy. Basic idea of this method is to 
describe switchgear by equivalent circuit and to solve this circuit with electrical simulator. 
TNM is based on analogy between electric and thermal field. Heat flow and temperature rise 
correspond to current flow and voltage drop accordingly. Main disadvantage of this method is 
its requirement of too many assumptions and simplifications in terms of heat transfer and 
geometry. Thus, in practice it is mostly used in the first phase of switchgear design providing 
quick estimate of temperature distribution. To improve accuracy of this method large set of 
measurement must be performed to develop strong database of elements forming a circuit.  
[15, 16] 
The second approach is to use CFD simulation to solve heat transfer problem in switchgear 
cabin. Comparing to previous mentioned method CFD can provide much more information 
about fluid behavior however for higher computational cost. The main benefit of using CFD is 
its accuracy, versatility and possibility to solve general problems. With CFD real operational 
conditions can be setup and simulated on model representing real switchgear geometry. One 
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can say that CFD model is as precise as boundary conditions are. That means that to get 
accurate solution right boundary conditions must be provided which most usually requires 
experimental measurements.  
Reason why combination of experimental testing and CFD simulation was chosen for prob-
lem discussed in this study was especially the lack of historical data representing heat trans-
fer in tested switchgear cabin and necessity to provide decent accuracy. Simply because 
changing temperature of critical switchgear component by only 1°C can determinate if 
switchgear passes temperature rise test or not. In problem described in this thesis it was also 
crucial to describe air flow field within a cabin to understand flow behavior to be able to pro-
pose layout modifications for possible heat transfer improvements. This would not be possi-
ble without CFD simulation. 
From other methods combination of TNM and CFD can be found in [10] and very dedicated 
method based on coupling of Magnetic-Thermal Multi-Physics Analysis can be found in [13]. 
Those methods are very complex and require dedicated software thus they were not suitable 
for this study. 
Very similar thermal field analysis related to problem of air insulated high voltage switchgear 
was performed by Zhang in [11] and Kubicek in [12]. Both authors use CFD analysis to mod-
el problem of conjugate heat transfer in simplified switchgear geometry on the contrary to this 
study they are dealing with forced convection. 
1.3 Solving heat transfer problem using CFD  
Modeled problem of heat transfer in switchgear cabin can be classified as Conjugate Heat 
Transfer (CHT). CHT is applicable whenever there are two adjacent domains and heat trans-
fer between those domains is being solved. It does not matter whether those domains are 
fluids or solids. Always energy equation must be solved. 
Generally solving heat transfer using CFD is not easy task. High mesh resolution and good 
mesh quality is usually required to achieve decent accuracy. Heat transfer problems are 
usually related to issues with numerical stability thus small timescale for steady state prob-
lems is required or transient solution must be considered. Both approaches require lengthy 
calculation times. Most usually models and meshes must be simplified to reach solution in 
reasonable time. [10]  
All those issues had to be considered when modeling air flow in switchgear cabin. Before 
proceeding to details mathematical background related to fluid modeling will be discussed. 
1.3.1 Conservation equations solved by finite volume method in CFD 
There are three basic equations describing fluid dynamics: conservation laws of mass, mo-
mentum and energy. CFD analysis in this thesis was performed in Ansys CFX. CFD solver in 
CFX applies finite volume method to solve this set of equations numerically where computa-
tional domain is divided into control volumes. For each control volume set of partial differen-
tial equation is being solved. In our case solution of those equations is represented by pres-
sure, velocity and temperature distribution in switchgear cabin. Brief description of mass, 
momentum and energy conservation equations is described in paragraph below. Very 
straightforward step by step derivation of all below mentioned equations can be found for 
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example in VERSTEEG: An introduction to computational fluid dynamics: the finite volume 
method. [14]  
Continuity equation 
This equation describes conservation of mass. It simply states that mass inside fluid element 
cannot change. That means that rate of increase of mass inside a fluid element is equal to 
the net rate of mass flow into fluid element across its surface. In Einstein indicial notation it 
can be written as follows: 
𝜕𝜌
𝜕𝑡
+
𝜕(𝜌𝑢1)
𝜕𝑥1
+
𝜕(𝜌𝑢2)
𝜕𝑥2
+
𝜕(𝜌𝑢3)
𝜕𝑥3
=
𝜕𝜌
𝜕𝑡
+
𝜕(𝜌𝑢𝑖)
𝜕𝑥𝑖
=
𝜕𝜌
𝜕𝑡
+ div(𝜌𝒖)                        (1.3) 
Where: 
ρ[kg·m-3] represents fluid density. 
u = (u1,u2,u3) = u(x1,x2,x3,t) [m·s
-1] represents fluid velocity vector. 
This expression of continuity equation is its most general form for unsteady three dimension-
al flow of compressible fluid.  
Momentum equation 
Derivation of momentum conservation equation is based on Newton’s second law that states 
that the rate of change of momentum of a fluid particle equals to the sum of forces acting on 
this particle. Forces in this equation can be separated into two groups: surface forces (pres-
sure, viscous) and body forces (gravity, centrifugal, electromagnetic etc.). Those different 
force groups are linked with different terms in momentum equation. Surface forces are in-
cluded into separate term on the right side of following equation and body forces are included 
in the source term SM. Following equation describes momentum conservation in one direc-
tion.  
𝜕(𝜌𝑢1)
𝜕𝑡
+ div(𝜌𝑢1𝒖) =
𝜕(−𝑝 + 𝜏11)
𝜕𝑥1
+
𝜕𝜏21
𝜕𝑥2
+
𝜕𝜏31
𝜕𝑥3
+ 𝑆𝑀1                                      (1.4) 
Where: 
ρ[kg·m-3] represents fluid density. 
u = (u1,u2,u3) = u(x1,x2,x3,t) [m·s
-1] represents fluid velocity vector. 
p[Pa] is pressure (normal stress) acting on fluid element. 
𝜏𝑖𝑗[Pa] represents viscous stress tensor. Suffix –ij means that stress component acts in j-
direction on surface normal to i-direction. 
This form of equation contains unknown viscous stresses that must be expressed by suitable 
model to be able to solve this set of equations. In general fluid flows like in problem of our 
switchgear (Newtonian fluids) viscous stresses can be expressed as a function of local de-
formation rate. This deformation rate is composed of linear deformation rate and volumetric 
deformation rate. Considering the fact that all gases are isotropic, tensor describing linear 
deformation rate which has 9 components can be fully expressed by 6 independent compo-
nents. That means that here are three linear elongating deformation components: 
𝑠11 =
𝜕𝑢1
𝜕𝑥1
                          𝑠22 =
𝜕𝑢2
𝜕𝑥2
                      𝑠33 =
𝜕𝑢3
𝜕𝑥3
                                       (1.5) 
And six shearing deformation components: 
𝑠12 = 𝑠21 =
1 
2
(
𝜕𝑢1
𝜕𝑥2
+
𝜕𝑢2
𝜕𝑥1
) ,  𝑠13 = 𝑠31 =
1 
2
(
𝜕𝑢1
𝜕𝑥3
+
𝜕𝑢3
𝜕𝑥1
) , 𝑠23 = 𝑠32 =
1 
2
(
𝜕𝑢3
𝜕𝑥2
+
𝜕𝑢2
𝜕𝑥3
)             (1.6) 
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Volumetric deformation is given by: 
𝜕𝑢1
𝜕𝑥1
+
𝜕𝑢2
𝜕𝑥2
+
𝜕𝑢3
𝜕𝑥3
= div(𝒖)                                                                        (1.7) 
For Newtonian fluids viscous stresses are proportional to rates of deformation and linked by 
two constants. The first constant is dynamic viscosity μ[Pa·s] which relates linear defor-
mation with viscous stresses. And the second one is the second viscosity λ[Pa·s] which re-
lates viscous stresses with volumetric deformation. For compressible fluids as in our case the 
second viscosity can be approximated by λ=2/3μ and viscous stresses can be determined as 
follows: 
𝜏11 = 2𝜇
𝜕𝑢1
𝜕𝑥1
+ 𝜆𝑑𝑖𝑣(𝒖)     𝜏22 = 2𝜇
𝜕𝑢2
𝜕𝑥2
+ 𝜆𝑑𝑖𝑣(𝒖)      𝜏33 = 2𝜇
𝜕𝑢3
𝜕𝑥3
+ 𝜆𝑑𝑖𝑣(𝒖) 
𝜏12 = 𝜏21 = 𝜇 (
𝜕𝑢1
𝜕𝑥2
+
𝜕𝑢2
𝜕𝑥1
) ,  𝜏13 = 𝜏31 = 𝜇 (
𝜕𝑢1
𝜕𝑥3
+
𝜕𝑢3
𝜕𝑥1
) , 𝜏23 = 𝜏32 = 𝜇 (
𝜕𝑢3
𝜕𝑥2
+
𝜕𝑢2
𝜕𝑥3
)             (1.8) 
Afterwards those formulas can be substituted into momentum equation and the equation can 
be formatted into the famous form of so called Navier-Stokes equation. For each direction 
one equation is derived: 
𝜕(𝜌𝑢1)
𝜕𝑡
+ div(𝜌𝑢1𝒖) = −
𝜕𝑝
𝜕𝑥1
+ 𝑑𝑖𝑣(𝜇𝑔𝑟𝑎𝑑(𝑢1)) + 𝑆𝑀1                                         (1.9) 
𝜕(𝜌𝑢2)
𝜕𝑡
+ div(𝜌𝑢2𝒖) = −
𝜕𝑝
𝜕𝑥2
+ 𝑑𝑖𝑣(𝜇𝑔𝑟𝑎𝑑(𝑢2)) + 𝑆𝑀2                                      (1.10) 
𝜕(𝜌𝑢3)
𝜕𝑡
+ div(𝜌𝑢3𝒖) = −
𝜕𝑝
𝜕𝑥3
+ 𝑑𝑖𝑣(𝜇𝑔𝑟𝑎𝑑(𝑢3)) + 𝑆𝑀3                                      (1.11) 
As we are dealing with heat transfer energy equation is also needed. 
Energy equation for fluid domain 
Energy equation is derived from the first law of thermodynamics which basically says that the 
rate of change of energy of fluid element is equal to the rate of heat added into the element 
and the rate of work done on this element. 
The rate of work done by surface force can be calculated as a product of force and velocity 
component in the direction of this acting force. Total rate of work done per unit volume can 
be calculated then as a summation of all those components and expressed as follows: 
  
−𝑑𝑖𝑣(𝑝𝒖) + [
𝜕(𝑢1𝜏11)
𝜕𝑥1
+
𝜕(𝑢1𝜏21)
𝜕𝑥2
+
𝜕(𝑢1𝜏31)
𝜕𝑥3
+
𝜕(𝑢2𝜏12)
𝜕𝑥1
+
𝜕(𝑢2𝜏22)
𝜕𝑥2
+
𝜕(𝑢2𝜏32)
𝜕𝑥3
+
𝜕(𝑢3𝜏13)
𝜕𝑥1
+
𝜕(𝑢3𝜏23)
𝜕𝑥2
+
𝜕(𝑢3𝜏33)
𝜕𝑥3
]                                                                                                (1.12) 
In the same manner the rate of heat transfer into fluid element by conduction can be calcu-
lated. After few rearrangements total rate of heat added into fluid element per unit volume 
due to heat flow across its boundaries can be calculated as follows: 
−𝑑𝑖𝑣(𝒒) = −
𝜕𝑞1
𝜕𝑥1
−
𝜕𝑞2
𝜕𝑥2
−
𝜕𝑞3
𝜕𝑥3
                                                                (1.13) 
Where, vector q=(q1,q2,q3)[W·m
−2] represents the heat flux.  
To be able to determine temperature heat flux must be linked with it by Fourier’s law of heat 
conduction: 
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𝑞1 = −𝑘
𝜕𝑇
𝜕𝑥1
,      𝑞2 = −𝑘
𝜕𝑇
𝜕𝑥2
,      𝑞3 = −𝑘
𝜕𝑇
𝜕𝑥3
                                     (1.14)    
Where: 
qi[W·m
−2] is local heat flux.  
k [W·m−1·K−1] is material's thermal conductivity. 
T[K] is element temperature.   
If (1.13) and (1.14) are combined the rate of heat added into fluid element by heat conduction 
across element boundaries can be written as: 
−𝑑𝑖𝑣(𝒒) = 𝑑𝑖𝑣(𝑘 𝑔𝑟𝑎𝑑(𝑇))                                                                   (1.15) 
When giving back (1.12) and (1.15) into the definition of the first law of thermodynamics the 
rate of change of energy of fluid element can be expressed by following equation: 
𝜕(𝜌𝑖)
𝜕𝑡
+ div(𝜌𝑖𝒖) = −𝑑𝑖𝑣(𝑝𝒖) + 𝑑𝑖𝑣(𝑘𝑔𝑟𝑎𝑑(𝑇)) + 𝛷 + 𝑆𝑖                       (1.16) 
Where i stands for internal energy and Φ represents the dissipation function, which can be 
expressed for Newtonian fluids as follows: 
𝛷 = 𝜇 {2 [(
𝜕𝑢1
𝜕𝑥1
)
2
+ (
𝜕𝑢2
𝜕𝑥2
)
2
+ (
𝜕𝑢3
𝜕𝑥3
)
2
] + (
𝜕𝑢1
𝜕𝑥2
+
𝜕𝑢2
𝜕𝑥1
)
2
+ (
𝜕𝑢1
𝜕𝑥3
+
𝜕𝑢3
𝜕𝑥1
)
2
+(
𝜕𝑢2
𝜕𝑥3
+
𝜕𝑢3
𝜕𝑥2
)
2
}
+ 𝜆[𝑑𝑖𝑣(𝒖)]2                                                                                                                      (1.17) 
Because in our problem we are dealing with compressible fluid one last equation which re-
lates temperature and pressure must be also considered. It is the equation of state. It says 
that for compressible fluids pressure as well as the internal energy is function of density and 
temperature.  
𝑝 = 𝑝(𝜌, 𝑇)    𝑖 = 𝑖(𝜌, 𝑇)                                                                          (1.18) 
In our case we were modeling our fluid as perfect gas for which it holds that p=ρRT, where 
R[J·kg−1·K−1] is specific gas constant. The most important feature of equation of state related 
to our problem is that it provides a linkage between momentum, mass and energy conserva-
tion equations. Because it enables to solve density variation as product of pressure and tem-
perature variations in flow field.  
Energy equation can be usually found in different form expressing the conservation of static 
enthalpy. This form of energy equation is more suitable for problems dealing with compressi-
ble fluids. [27]  
After substituting formula for static enthalpy h[J·kg-1] (1.19) into (1.16) following transport 
equation can be derived: 
ℎ = 𝑖 +
𝑝
𝜌
                                                                                                     (1.19)  
𝜕(𝜌ℎ)
𝜕𝑡
+ div(𝜌ℎ𝒖) = −
𝜕𝑝
𝜕𝑡
− 𝑑𝑖𝑣(𝑝𝒖) + 𝑑𝑖𝑣(𝑘𝑔𝑟𝑎𝑑(𝑇)) + 𝛷 + 𝑆𝑖                  (1.20)  
Dissipation term in this equation stays unchanged as defined in (1.17). 
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Energy equation for solid domain 
In case of our problem of high voltage switchgear thermal distribution analysis heat transfer 
must be solved not only within fluid regions but also within solid regions. For those solid re-
gions energy equation is also solved but with no flow. In CFD terminology those solid regions 
are called as solid domains. 
Following equation being solved for all solid domains accounts for heat transfer due to con-
duction and external volumetric heat sources. 
𝜕(𝜌𝑖)
𝜕𝑡
= 𝑑𝑖𝑣(𝑘𝑔𝑟𝑎𝑑(𝑇)) + 𝑆𝐸                                                            (1.21) 
Volumetric heat sources can be represented by external sources or radiation which was not 
implemented in our model for its computational cost and lack of knowledge about material 
properties in terms of emissivity and thus it won’t be further discussed. Instead of that follow-
ing chapters presents few highlights of best practices related to natural convection modeling 
in ANSYS CFX because it was a key stone of our high voltage switchgear thermal distribu-
tion analysis. 
1.3.2 Solving natural convection in ANSYS CFX  
In our problem of high-voltage thermal field analysis flow is driven purely by natural convec-
tion. That means that fluid motion is driven by density changes that are induced by tempera-
ture differences within a fluid domain. To capture this fluid behavior following body force term 
must be added into the momentum equations (1.9), (1.10), (1.11). 
𝑆𝑀𝑏𝑢𝑜𝑦𝑎𝑛𝑡 = (𝜌 − 𝜌𝑟𝑒𝑓)𝑔                                                                   (1.22) 
Where ρref represents reference fluid density for reference fluid temperature which is set up 
as boundary condition in CFX. 
There are two different models incorporated in CFX dealing with buoyancy term in momen-
tum equation. The first is Full Buoyancy (Density Difference) model which is used when fluid 
density is a function of temperature or pressure. In this model density is calculated directly 
from formula (1.22) for each iteration. This model is suitable for all ideal gases when density 
is linked with pressure and temperature by state equation (1.18). This model was used when 
modeling our problem of natural convection in switchgear unit. [26]  
The other option is to use Boussinesq model which assumes constant fluid density over the 
fluid domain when real changes of density are relatively small. This is usually valid for liquids 
when density is not function of temperature and pressure. In this model the source term of 
momentum equation is a function of fluid thermal expansion coeficient and local temperature 
difference comparing to datum called Buoyancy Reference temperature which is setup as 
boundary condition. [26]  
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1.3.3 Solving natural convection, best practices 
There is a plenty of case studies dealing with natural convection and describing its modeling 
using CFD. Probably the most spread academic and research example is modeling of natural 
convection flow in square cavity. There is a wide range of authors dealing with this problem-
atic in terms of sensitivity studies of numerical errors, best model and software selection, 
confirmation of CFD by experimental testing etc.  
Very good example illustrating two different sources of error that can affect CFD simulation of 
natural convection is provided in ERCOFTAC database [28]. This study presents the signifi-
cance of right selection of buoyancy model described in section 1.3.2. For low temperature 
differences inside the domain fluid can be modeled as incompressible with Boussinesq mod-
el with no harm on the output. However for large temperature differences inside domain 
compressibility must be taken into account and full buoyancy model should be always ap-
plied.  
When setting up our model of switchgear thermal distribution analysis very similar case setup 
as in ERCOFTAC database was simulated as a pre-simulation case. It was confirmed that 
when calculating with temperatures as in problem of our switchgear both buoyancy models 
provide different solution. Thus the full buoyancy was applied for switchgear thermal analy-
sis.  
Another important feature widely discussed is the selection of turbulence model for modeling 
this problem. Zitzmann in [15] presents benchmark analysis of turbulence models selected 
for solving natural convection in square cavity. He states that the most favorable results 
comparing to experimental testing were obtained with k-ω and Shear Stress transport (SST) 
model. He states that k-ω and SST predicted very similar results comparing to k-ε which sig-
nificantly deviated from experimental results. Very similar conclusion brings Barakos in [16] 
and Rundle in [17]. Both of them claim that using k-ε leads to significant over-prediction of 
thermal quantities and selection of k-ω should be preferred. With respect to those observa-
tions and other recommendations SST model was applied for our switchgear thermal distri-
bution analysis.  
Overall computational model setup and breakdown of all steps in switchgear thermal field 
analysis is described in following chapter. 
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2. HIGH VOLTAGE SWITCHGEAR THERMAL DISTRIBUTION  
ANALYSIS 
2.1 Introduction 
Following sections provide description of experimental measurements and CFD analysis of 
thermal field in high voltage switchgear. Object of this analysis is the medium/high voltage 
switchgear provided by ABB Brno. This type of switchgear mostly serves as an interface be-
tween primary and secondary electrical energy distribution levels.  
Description of fluid behavior is based on numerical solution of Navier-Stokes equation using 
CFD with boundary conditions derived from experimental measurements of temperatures of 
switchgear critical components during its operation. Experimental measurements were based 
on standard ČSN EN 62271-1 defining the temperature rise test. 
For CFD purposes model of real switchgear geometry was simplified conserving the main 
switchgear geometrical features. Based on CFD results for reference geometry (subjected to 
experimental measurements) some modification of switchgear layout are presented leading 
to better flow pattern in switchgear cabin and lower temperature of switchgear critical com-
ponents.    
2.2 Problem statement 
Problem statement objectives of this study are following:  
1) To prepare model of high voltage switchgear. 
2) To perform experimental measurement of thermal field in high voltage switchgear and 
temperature rise of particular components during switchgear operation. 
3) To generate simplified computational model corresponding with experimental results. 
4) To perform CFD analysis of thermal field. 
5) To analyze gathered data and suggest possible design improvements. 
6) To assess the impact of switchgear geometrical layout modification on the tempera-
ture field inside the switchgear cabin by additional experimental measurement. 
CFD analysis and experimental measurement of overall thermal field inside switchgear cabin 
is discussed in this section 2. Whereas sections 3 and 4 provide detailed analysis of busbur 
joint as the one of the most important components affecting thermal field inside switchgear 
cabin. 
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2.3 System of important variables 
To be able to setup a system of important variables experimental measurements had to be 
performed. Experimental measurements consisted of set of initial experiments giving the first 
impression of system behavior and set of measurements used for confirmation of design 
modifications. Description of important variables is defined in following table Tab. 2.1.  
Variable Description 
Temperature 
Temperature is the ability of one body to give up heat energy 
to another body 
Heat flux 
Heat flux is a rate of heat energy transferred through a sur-
face.  
Heat transfer coefficient 
Heat transfer coefficient is a ratio of heat flux and temperature 
difference which drives the heat flow. 
Tab. 2.1 System of important variables 
 
Based on results of initial experimental measurements problem of switchgear thermal distri-
bution analysis was simplified. From the beginning of switchgear thermal distribution analysis 
following factors were not accounted for: 
 
1) Heat transfer by radiation was not considered. Surface of the hottest switchgear 
components was much smaller than surface of all other relatively cold bodies. Heat 
flux transmitted by radiation was considered as negligible. Also there was a lack of 
knowledge of material properties in terms of emissivity. At last solving model with ra-
diation leads to enormous increase of computational cost. 
2) Specific heat was considered as constant for all materials as well as thermal conduc-
tivity and air dynamic viscosity. 
3) Air was simulated as one component ideal gas. 
4) Geometry and material properties of complicated electrical devices inside switchgear 
cabin consisting from various parts were simplified and modeled as single compo-
nents. 
5) Small feature not affecting a flow field in switchgear cabin were removed and overall 
switchgear geometry was simplified. 
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2.4 Initial Experimental measurements 
To get the first impression about thermal field inside switchgear cabin and to find out right 
and accurate boundary conditions for CFD model experimental measurement was required. 
Following chapter brings up procedures and results of initial experiments before proceeding 
to description of CFD simulation. Experimental measurement was performed in Heat Trans-
fer and Fluid Flow Laboratory of Brno University of Technology. To be able to perform exper-
imental measurements one cell of laboratory had to be prepared and switchgear unit had to 
be connected to external high-voltage grid. Also switchgear connection system had to be 
altered to form short circuit to avoid the need of external load that would run down supplied 
energy. After performing initial measurements computational model was constructed and 
based on results several modifications of switchgear layout were proposed. After implemen-
tation of those changes another experimental measurement had to be performed to confirm 
computed results. In the meantime experimental measurement for DOE on busbar joints was 
carried out. Because of long duration of all temperature measurements and switchgear prep-
aration capacity of laboratory had to be used for several months. 
2.4.1 Setup of Experimental measurements 
One panel of high voltage switchgear containing circuit breaker, voltage and current trans-
formers, connections and insulators was tested for temperature rise under operational condi-
tions. Basically temperature rise depends on circulating current, contact resistances, layout 
out of the switchgear compartments, related air velocities inside a cabinet and ambient air 
temperature measurement. The switchgear was powered from 380V plug via power supply 
unit and split core current transformer (transformation ratio 1600/5) providing a rated current 
of 1250A by adjusting of 3.9A on power supply unit (see Fig. 2.1). Connection system was 
formed by copper bars with cross section of 60x10mm2. Three busbar connections were ex-
ceeding from the left sidewall allowing the input of rated current. L1 phase was jointed with 
L2 phase as a short circuit. Power supply terminals were linked with cable connections by 
bare copper cables closing the circuit.  
 
Fig. 2.1 Power supply for tested switchgear  
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Cable connections, which are not part of tested sample, are highlighted in Tab. 2.2.  
Tab. 2.2 Connections for tested sample 
All connections forming electrical branches are displayed on following figure. Branch b forms 
a short circuit. 
 
Fig. 1.2 Scheme of connections 
Temperature of all important components was measured by using thermocouples from Iron-
Konstantan. All thermocouples were stuck on desired positions by Teflon tape. Location of 
thermocouples was chosen to give proper description of areas with the highest interest (bus-
bar joints, circuit breaker, transformers, contact pins, relief flap etc.). Data acquisition was 
done by using computer assisted measurement system data logger ALMEMO® 2890-9. This 
universal measuring instrument with data logging function was used to temperature 
measurement during experimental testing of switchgear unit as well as during DOE. Main 
advantage of using this device was that it enables to work with 9 inputs. Thus 
9 thermocouples were connected to data logger with special plug. Temperature 
measurement was being stored each second of experiment. This sampling rate was chosen 
with respect to further post processing of measured data despite that data logger provides 
even faster sampling rate. Another advantage of using this device was easy display of 
measured temperatures online during the run of experiment thus convergence to steady 
state temperature on all thermocouples could be easily monitored. For picture and technical 
details of Ahlborn data logger please refer to appendix 4. Ambient temperature was meas-
ured by classical thermometers distributed around tested sample. Another measured quantity 
was voltage drop on current transformer enabling to asses if switchgear runs in stable oper-
ating conditions. The test was performed under the similar conditions as specified for 
temperature rise test in ČSN EN 62271-1. 
  
Connections Supply a Branch b Outfeed c 
Type Copper cables Copper bars Copper cables 
Cross section [mm2] 2x400 60x10 2x400 
Length [mm] 1500 500 1500 
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2.4.2 Initial temperature measurement – the first experiment  
The main goal of this measurement was to describe thermal field around current transformer 
which was considered as significant heat source. Tested sample was connected according to 
the procedure described above. Location of thermocouples is displayed on following figure 
Fig. 2.3. Tested switchgear was powered for 9 hours and 30 minutes until the steady state of 
measured temperatures was reached. 
 
Fig. 2.2 Location of thermocouples for the first experiment 
Ambient temperature slightly increased during the whole experiment. Starting temperature 
22.6°C raised on 22.8°C after 2 hours and on 23.2°C after 4 hours. Ambient temperature 
converged to 23.4°C in the end of experiment. Voltage drop on current transformer remained 
stable at 0.076 V during whole experiment. No unexpected operation of whole apparatus was 
observed.    
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2.4.3 Results of the first experiment  
Temperature on controlled thermocouples converged till steady state. Steady state tempera-
tures presented in following table were also very close to maximum temperatures measured 
during the whole experiment. For reference pictures describing detail position of each ther-
mocouple in switchgear cabin during experimental measurements please refer to appendix 1. 
 
 
 
 
 
        
Tab.2.3 Steady state temperatures at the end of first experiment 
Following figure shows temperature evolution during the first experimental measurement.  
Fig. 2.4 Temperature rise history, first experiment 
*NOT DISPLAYED. – Slight oscillation occurred on the thermocouple 2. Temperature rise 
history is not displayed in Fig 2.4 for better clarity. Steady state temperature was reached 
without any problems.   
MEASURING POINTS 
STEADY STATE  
TEMPERATURE [°C] Position of thermocouple 
Reference 
picture 
Pos. 1a – L1 contact pin A1 89.2 
Pos. 2a – *L1 CT top back B1 70.9 
Pos. 3a – L2 contact pin B1 94.8 
Pos. 4a – L2 CT top C1 82.8 
Pos. 5a – L1 CT top middle A1 76.7 
Pos. 6a – L2 CT bottom D1 24.4 
Pos. 7a – L1 CT front E1 66.7 
Pos. 8a – L1 CT bottom contact F1 68.6 
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2.4.4 Initial temperature measurement – the second experiment  
The main goal of this measurement was to describe thermal field around circuit breaker. 
Tested sample was connected according to the procedure described in chapter 2.4.1. Loca-
tion of thermocouples is displayed on Fig. 2.5. Tested switchgear was powered for 9 hours 
and 20 minutes until the steady state of measured temperatures was reached. 
 
Fig. 2.5 Location of thermocouples for the second experiment 
Starting temperature 22.9°C raised on 23.4°C after 5 hours, and on 23.4°C after 8 hours. 
Ambient temperature converged to 23.5°C at the end of experiment (after 9 hours 20 
minutes). Voltage drop on current transformer increased from 0.075 V at the beginning of the 
experiment on 0.077V after 4 hours of measuring and remained stable till the end of the 
whole experiment suggesting that no special causes were observed.  
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2.4.5 Results of the second experiment  
Position of all thermocouples was changed except thermocouple on pos. 3. This thermocou-
ple rested on L2 current transformer to be able to asses test repeatability. From the layout of 
the switchgear it was also easy to predict that this thermocouple will show one of the maxi-
mum temperatures. Because current transformers are significant sources of heat and L2 
current transformer is positioned just in between L1 and L3 transformer and cannot be 
properly cooled from outside walls (for switchgear layout description please see Tab.2.5). 
Steady state temperatures are displayed in following table Tab. 2.4. Again, for reference pic-
tures describing detail position of each thermocouple in switchgear cabin during experimental 
measurements please refer to appendix 1. 
 
 
 
 
 
 
 
 
 
 
 
Tab. 2.4 Steady state temperatures for the second experiment 
It must be point out that according to ČSN EN 62271-1 temperature is considered as 
converged when it does not rise faster than 1K per hour. The same rule was applied in our 
experimental testing. Temperature rise for second experiment is displayed below.  
 
Fig. 2.6 Temperature rise history, second experiment  
MEASURING POINTS 
STEADY STATE 
TEMPERATURE [°C] Position of thermocouple 
Reference 
Picture 
Pos. 1b – CB compartment A2 53.1 
Pos. 2b – Relief flap B2 52.9 
Pos. 3b – L2 contact pin C2 95.5 
Pos. 4b – CB top D2 46.9 
Pos. 5b – CB L2 D2 81.8 
Pos. 6b – CT L3 E2 94.6 
Pos. 7b – Cable connection F2 56.1 
Pos. 8b – Contact pin L2 G2 64.9 
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2.4.6 Assessing test repeatability  
For purpose of verification of whole experimental system (results, method, testing conditions, 
instruments) thermocouple 3 remained on the same position for both experiments which de-
scribed repeatability of measurement. Repeatability of measurements is one of the factors 
assessing consistency of results. Basically it is the ability to obtain consistent results when 
the tested variable is measured by the same instrument and the same operator on the same 
item repeatedly. Assumption that our methodology and testing conditions were right can be 
proved by trend of temperature rise on thermocouple 3 described on Fig. 2.7. 
 
Fig. 2.7 Repeatability of measurement – temperature rise on thermocouple 3 
For the first experiment temperature T1 on thermocouple 3 converged to 94.8°C and for the 
second to 95.5°C. Considering ambient temperature and evaluating purely temperature rise 
both values differed only by 0.6°C. 
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2.5 Thermal distribution analysis - Computational method 
To study temperature distribution inside switchgear cabin combination of numerical (CFD) 
and experimental approach was applied. The CFD simulation was performed in ANSYS CFX 
where results of initial experimental testing served as an input for numerical model.   
2.6 Calculation methodology 
CFD analysis was considered as three dimensional problem and it composed from following 
steps: 
1) Three dimensional CFD model of the high voltage switchgear was prepared. CFD 
model contains inverse volume of real switchgear geometry and corresponds with air 
inside the cabin. 
2) The CFD mesh was prepared.  
3) Boundary conditions were applied on elements with the highest thermal performance. 
Boundary conditions were applied in two stage process. At the first stage of solution 
fixed temperatures were applied on components based on experimental testing. In 
the second stage wall heat fluxes were calculated and applied as new boundary con-
ditions for further simulation of modified switchgear layout. 
4) Initial conditions corresponding with ambient air temperature and atmospheric pres-
sure were used. 
2.7 Object topology 
According to standard ČSN EN 62271-1 this medium/high voltage switchgear is character-
ized as three compartment switchgear. That means that whole apparatus can be split up into 
3 sections: Busbar compartment (A), Circuit-breaker compartment (B), Cable termination 
compartment (C). 
Main components of this switchgear are: Switchgear frame and sidewalls, circuit breaker, 
current and voltage transformers, busbar connections, insulating contact system, shutters 
and control system. Simple layout of tested switchgear is described in following table: 
Scheme of switchgear layout Basic description 
 
1 - Busbars 
2 - Circuit breaker 
3 - Automatic shutter 
4 - Earthing switch 
5 - Current transformer 
6 - Voltage transformer 
7 - Insulating contact system 
8 - Bay controllers and protection  
     devices 
9 - Run-in adapter / partitioning 
10 - Capacitive display 
(A) - Busbar compartment 
(B) - Circuit-breaker compartment  
(C) - Cable termination compartment 
Tab. 2.5 Object topology (adapted from [21]) 
 
(B)  
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Numerical model was constructed to solve CHT problem. Implying that it had to consider not 
only air filling switchgear cabin but also solid components generating heat as consequence 
of switchgear operation. Numerical model consisted of 5 computational domains. 2 fluid do-
mains described air at different switchgear compartments and 3 solid domains described 
different solid materials. Informative description and location of computational domains is 
provided in following table Tab. 2.6 and Tab. 2.7 
Domain position Domain description 
 
 
 
 
 
 
 
Fluid domain 1 – B+C compartment 
This domain describes fluid in Circuit breaker area 
and Cable connections area. 
Fluid is modeled as air ideal gas representing its 
compressibility. Air flow is driven by buoyancy 
caused by gravity forces. Reference pressure and 
density is 1 atm and 1.1909 kg/m3. 
This fluid domain interrogates with all other domains 
by interfaces prescribed on their common bounda-
ries. 
Mesh size: 7 408 654 elements. 
 Fluid domain 2 – A compartment 
This domain describes fluid in Busbar area. From 
safety reason this area is separated from other twos 
by steel plates.  
Fluid is modeled as air ideal gas representing its 
compressibility. Air flow is driven by buoyancy 
caused by gravity forces. Reference pressure and 
density is 1 atm and 1.1909 kg/m3 
This fluid domain interrogates with all other domains 
by interfaces prescribed on their common bounda-
ries. 
Mesh size: 2 227 843 elements. 
Tab. 2.6 Description of fluid domains 
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Domain position Domain description 
 
Solid domain 1 – Steel 
This domain describes solid parts manufactured from 
steel. Inner content of circuit breaker was neglected 
and it was modeled as solid steel box because of 
lack of documentation and computational complexity. 
Outer steel sheets forming a switchgear cabin were 
modeled in particular domains as walls with pre-
scribed heat transfer coefficients. 
This solid domain interrogates with all other domains 
by interfaces prescribed on their common bounda-
ries. 
 
 
 
 
 
 
 
Solid domain 2 – EPMD 
This domain describes solid parts manufactured from 
epoxy resin (EPMD). Again content of current trans-
formers was neglected and insulating contact system 
was modeled as being composed from simple parts 
from epoxy resin. 
This solid domain interrogates with all other domains 
by interfaces prescribed on their common bounda-
ries. 
 
 
 Solid domain 2 – Copper 
This domain describes solid parts manufactured from 
copper. Basically it forms copper bars carrying elec-
trical current. 
This solid domain interrogates with all other domains 
by interfaces prescribed on their common bounda-
ries. 
 
 
Tab. 2.7 Description of solid domains 
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2.8 Simplified model of real switchgear geometry  
Full 3D model was provided by ABB Brno however this model was not convenient for CFD 
simulation purposes and thus it had to be simplified. Full 3D model contained roughly 400 
parts including fastener. To solve such a complex geometry would be impossible with availa-
ble computational time and resources. Also lots of details are not relevant for CFD analysis. 
Because in CFD it is important to respect physics of the problem not detail geometry. 
To be able to solve heat transfer in switchgear unit following simplifications were performed: 
1) All fastener was deleted and some small parts were neglected. 
2) 3D surfaces of main components were simplified with basic shapes. 
3) All small cut-outs in sidewalls were filled. The flow escaping through those small cut-
outs is negligible. All inflow and outflow was satisfied only by relief flaps on the top of 
switchgear unit. 
The aim of all performed changes of real geometry was to prepare model that would fully 
represent main features of real switchgear design however it was possible to be solved. 
Based on results of initial experimental testing unimportant parts in terms heat transfer were 
identified and neglected. Unfortunately some small components on current path as contact 
pins, copper cables and connections could not been neglected putting very strict constrains 
on further creation of computational mesh. Additionally, all components that might affect air 
behavior inside the cabin as separation plates, insulations or brackets could not be neglect-
ed. Simplification of geometry was done partially in Solidworks and partially in ANSYS De-
sign modeler. Geometry “before and after” its simplification is described on following figure.  
 
 
 
 
Fig. 2.8 Model of the high voltage switchgear original model (left) simplified model (right) 
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2.9 Mesh description  
There is one big question mark related to near wall modeling when constructing computa-
tional mesh for CFD. How to account for viscous effect at wall and how to resolve rapid varia-
tions in flow behavior in boundary layer? 
There are two approaches how to deal with those issues. First approach uses empirical for-
mulas called wall-functions to predict flow behavior without resolving the boundary layer. This 
approach is implemented in k-ε models. Major advantage of this approach is its computa-
tional feasibility. The second approach which is implemented in most of the k-ω models is 
based on resolving the boundary layer with very fine mesh in this region (so called low Re 
formulation).  
In this study solution closer to the second approach was chosen for resolving boundary layer. 
CFD analysis was performed in CFX which offers automatic near wall treatment for Shear 
stress turbulence (SST) model. Automatic near wall treatment switches for low Reynolds 
formulation near wall if the mesh is fine enough otherwise it uses standard wall function. SST 
model it-self uses k-ω formulation in the inner parts of domain to solve boundary layer and it 
switches for k-ε formulation for free stream. [26]  
Main idea of meshing the switchgear cabin was to refine mesh closest to major sources of 
heat in switchgear unit and to inflate boundary layer to capture heat transfer caused by elec-
trical components. It was extremely important to refine mesh size adjacent to solid heat 
sources to accurately resolve thermal boundary layer. The highest gradient of flow properties 
(velocity, temperature) in boundary layer region is not aligned with flow but it lies in its normal 
direction. That means there is no need to have many small cells in flow direction however 
normal direction needs refinement. Respecting this physics boundary layer was described 
with prisms with high aspect ratio with small side in normal direction. High aspect ratio of 
cells in boundary layer does not influence overall mesh quality. When moving out of the 
boundary layer to the free stream size of element was getting bigger and mesh was coarsen 
to reduce overall element count. 
Due to strong geometrical constrains tetrahedral elements were used to describe free stream 
region out of boundary layer. Geometry of simplified switchgear unit is too complicated to be 
fully described by hexahedrons. Geometrical model contains parts which are very small as 
well as very large components of various shapes. It was not managed to split overall switch-
gear cabin into sweep-able sub-domains which could be meshed with hexahedral elements 
thus tetrahedrons were preferred. The question if hexahedral mesh should be preferred over 
tetrahedral strongly depends on the application. In certain cases like turbomachinery where 
direction of flow can be expected and mesh can be aligned with the flow it is advantageous 
to use hexahedral approach to minimize numerical diffusion. In our case of very complex 
geometry if managed to use hexahedrons resulting distribution of elements would be most 
probably much rather chaotic and not aligned with the flow so this advantage would be lost. 
After comparing results of CFD with experimental measurement (discussed in section 2.14.2) 
correlation of experiment and CFD was very good thus no iterations in terms of mesh density 
or type were performed. 
In the end computational model contained 10 million elements to describe fluid domain of 
simplified switchgear geometry. Distribution of mesh density with refined important regions is 
provided on Fig. 2.9. 
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Fig. 2.9 Three-dimensional mesh of fluid domain  
Solid parts were described with 300 000 hexahedra elements. When dealing with CHT prob-
lem solid domain does not need such a fine mesh as fluid domain because there is no flow 
being solved. Fluid domain and solid domain were connected through interfaces. Each inter-
face between solid and fluid domain sustained communication between heat sources and 
affected air in the switchgear cabin. That means, for solid domains energy equation with no 
flow was being solved and for fluid domains energy, momentum and continuity equation was 
being resolved at time when information about heat transfer was being shared for all do-
mains through interfaces (please refer to section 1.3 for theoretical details). 
 
Fig. 2.10 Parts with the highest thermal performance with generated mesh 
  
Busbars 
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2.10 Material properties 
2.10.1 Fluid properties 
Fluid filling the switchgear cabin was considered as Air ideal gas. In CFX language this 
means that compressible fluid with properties described by state equation was considered. 
Specific heat capacity, dynamic viscosity and thermal conductivity were all considered as 
constants. Air properties are stated in following table. 
Air property Value 
Reference temperature [°C] 23.40 
Molar mass [kg·kmol-1] 28.96 
Specific heat capacity [J·kg-1·K-1] 1006.20 
Thermal conductivity [W·m-1·K-1] 2.58e-2 
Dynamic viscosity [kg·m-1·s-1] 1.84e-5 
Density [kg·m-3] 1.19 
Tab. 2.8 Fluid properties 
2.10.2 Solid properties 
All complex solid components as circuit breaker, current transformers, insulators etc. were 
modeled as “black boxes” manufactured from one single prevailing material. For heat trans-
fer calculation following properties had to be specified: Specific heat capacity, thermal con-
ductivity and density. Those properties were prescribed after discussion with switchgear 
manufacturer as follows: 
Air property 
Value 
Copper EPMD Steel 
Reference temperature [°C] 23.40 23.40 23.40 
Molar mass [kg·kmol-1] 63.55 1.00 55.85 
Specific heat capacity [J·kg-1·K-1] 385.00 1201.00 434.00 
Thermal conductivity [W·m-1·K-1] 401.00 0.88 60.50 
Density [kg·m-3] 8933.00 1100.00 7854.00 
Tab. 2.9 Solid properties 
2.11 Boundary conditions 
Fluid domains formed completely closed volume with heat sources inside it. Those heat 
sources were cooled by flow circulating inside the cabin. This flow was driven purely by natu-
ral convection. Two pressure relief flaps were located on the top of switchgear sustaining 
exchange of cold air from ambient atmosphere with hot air fading out of the cabin. This mat-
ter of fact was modeled as opening boundary conditions with zero relative pressure and am-
bient air temperature of 23.4°C same as measured during initial experiments. 
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Fig. 2.11 Boundary conditions – position of openings 
Other boundary conditions represented heat sources inside switchgear cabin so they can be 
called as thermal boundary conditions. Those thermal boundary conditions were applied in 
two steps. The first step consisted of application of experimentally measured temperatures at 
most important locations in the reference switchgear geometry. Those temperatures were 
prescribed as average wall temperatures on solid-fluid interfaces. That means that those 
constant temperatures could have been described in exact locations where they were meas-
ured during experiment by thermocouples. With this setting CFD model was resolved and 
average heat flux in each location was obtained. Those calculated heat fluxes were applied 
as new thermal boundary conditions representing thermal power of electrical components in 
the second step consequently and CFD model was resolved again. This procedure ensured 
the same heat flux in each important location for all considered geometrical modification of 
switchgear geometry to be preserved. One reason for using this approach was that modifica-
tions of current switchgear layout were assessed by their effect on temperature drop on criti-
cal components. Prescribing heat flux on walls of electrical components represented their 
constant thermal power and temperature drop obtained by layout modification was attributed 
to better fluid flow and enhanced heat transfer in new switchgear geometry. That means that 
by virtue of this method optimization of switchgear topology in terms of layout modification 
could have been performed with temperature drop on critical electrical components defining 
the objective function. This optimization is commented in section 2.13.2. Next reason why 
prescribing heat fluxes instead of fixed temperatures was chosen is that heat fluxes ensured 
better convergence and stability of solution.  
Above mentioned procedure was possible to be performed in CFX because CFX offers four 
option how to prescribe thermal boundary conditions on walls. Wall can be modeled as adia-
batic that means there is no heat transfer through the wall into fluid domain. Or if there is 
heat transfer through a wall then fixed temperature, heat flux or heat transfer coefficient can 
be prescribed. For our case of turbulent flow relation between those variables is defined by 
following formula: 
𝑞𝑤 = ℎ𝑐(𝑇𝑤 − 𝑇𝑛𝑤)                                                                    (2.1) 
Where: 
qw[W·m
−2]  is convective heat flux into domain. 
hc[W·m
−2·K−1]  is heat transfer coefficient. 
Tw[K] is temperature on the wall. 
Tnw[K] is near-wall temperature. 
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Here heat flux qw is total convective heat flux into the domain. It contains heat transfer due to 
advection and diffusion but it doesn’t include radiation, because radiation was not considered 
in our problem. For laminar flows this heat flux qw can be computed directly from temperature 
gradient at wall. For turbulent flow expression in (2.2) must be considered and hc involves the 
use of turbulent wall functions. Positive value of qw indicates heat flux into the domain. [26] 
When adiabatic boundary condition is used then qw = 0. When fixed temperature is chosen 
then Tw is specified as constant value and it is not changing during the solution. When heat 
flux or heat transfer coefficient thermal boundary condition is selected then wall temperature 
Tw is computed from turbulent wall functions for turbulent flow. For laminar flow wall tempera-
ture Tw is represented as temperature at vertex adjacent to the wall. Tnw stands for average 
temperature at control volume near the wall. Quantities are described on the figure below. 
 
Fig. 2.12 To definition of thermal boundary conditions in CFX 
By this approach computational model was tuned by experimental measurement and en-
sured consistent boundary conditions for future layout modification. Following figure displays 
surfaces where fixed temperatures and resolved heat fluxes were applied accordingly based 
on experimental measurements. 
 
Fig. 2.13 Important locations where heat flux boundary conditions were applied 
Wall heat fluxes can be easily extracted from CFD-post. Following table presents two-stage 
process in boundary conditions setup. First row indicates positions where temperature was 
measured by experiment, second row represents experimentally measured value and third 
row presents calculated heat flux from CFD that served as a new boundary condition. 
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Tab. 2.10 Boundary conditions 
2.12 Fluid model 
Flow inside fluid domains is driven purely by natural convection. That means that there are 
no external forces causing a fluid motion. Fluid motion is caused only by density differences 
in fluid occurring because of temperature variation.  
To determine whether to consider flow behavior as turbulent or laminar Rayleight number 
was calculated according to following formula:  
𝑅𝑎 = 𝑃𝑟
𝐿3𝜌2𝑔𝛥𝑇
𝜇2
                                                                            (2.2)  
                                                    
Where: 
L[m] is a characteristic length parameter.  
ρ[kg·m-3] is the density of the fluid.  
μ[N·s·m-2] is fluid dynamic viscosity. 
g = 9.81 m·s-2 is the acceleration of gravity.  
 ΔT[K] is temperature difference of solid surface and ambient fluid. 
In this case definition of Rayleight number is valid for simple flow around vertical plate for 
which our case was simplified for determining if flow should be considered as turbulent or 
laminar. Characteristic length was chosen as 1 m and temperature difference between hot 
electrical components and surrounding air was chosen as 60°C based on experimental 
measurements. All other quantities were prescribed according to table Tab. 2.8 and Tab. 2.9. 
With this setup Rayleight number was calculated as 1.7·1012. Generally it holds that if 
Ra>1010 compressibility effect comes into play and flow behavior should be modeled as tur-
bulent. [26]  
Pr in Rayleight number definition stands for Prandtl number which describes ratio of momen-
tum and thermal diffusivity as follows.  
𝑃𝑟 =
𝜇𝑐𝑝
𝑘
                                                                                       (2.3) 
                                                  
Where: 
cp [J·kg
-1·K-1] is specific heat. 
k [W·m-1·K-1] is thermal conductivity. 
μ[N·s·m-2] is fluid dynamic viscosity. 
As already mentioned to resolve turbulence SST turbulent model was applied with automatic 
near wall treatment. Buoyancy was solved with Full buoyancy model which considers varia-
ble flow density in all terms of momentum and energy equation (please refer to section 1.3.2 
for more theoretical details). Despite the fact that our simulation was treated as modeling a 
turbulent flow it must be pointed out that there are regions in switchgear cabin where the 
temperature difference is small and flow is laminar. That means that there are also regions 
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where transition from laminar to turbulent flow occurs. This fluid behavior is not captured for 
its extreme complexity. 
Heat transfer model was set for Thermal Energy which is suitable for low speed compressi-
ble flow. All areas without prescribed boundary conditions were considered as adiabatic 
walls. 
2.13 Analysis of results 
Whole analysis was performed as steady state analysis. Momentum, mass, heat transfer and 
turbulence quantities were controlled during the solution. When residuals of those quantities 
converged to acceptable level solution was terminated. Beside that temperatures in im-
portant locations (described on Fig. 2.14) were monitored.  
Here it must be stressed out again that solution consisted of the two steps. At the first solu-
tion with fixed temperatures at given location was obtained. And in the second step heat 
fluxes were calculated and applied as new boundary conditions (please refer to chapter 
2.11).  
Following chart describes time evolution of temperatures in important locations during the 
solution for reference geometry with heat fluxes used as thermal boundary conditions. 
Fig. 2.14 Monitoring of temperatures at important locations during solution 
Approach of two-stage solution led to very good accordance of CFD results with experi-
mental measurements. Computed and measured temperatures in important locations are 
stated in following table. 
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Tab. 2.11 Compared calculated and measured temperatures at important locations 
2.13.1 Results of reference geometry 
During switchgear operation electrical components heat up. Temperature on most exposed 
heat sources reached roughly 90°C. This electrical heating creates significant heat flux from 
solid parts into the air inside switchgear cabin. Temperature of air close to heat sources rises 
up and its density decreases. Hot air starts to ascend and exits through flap on the top of the 
switchgear (opening boundary condition). This creates negative gage pressure in the bottom 
of a cabin and ambient cold air is sucked into cabin and circulating flow inside switchgear 
cabin is established.  
Following figures show temperature distribution on heat sources and related circulating flow 
described by velocity streamlines. Velocity streamlines are curves which are tangent to ve-
locity vector in each point of velocity field. Color expression in velocity streamlines plot indi-
cates magnitude of air velocity. Main feature of air behavior when entering the switchgear 
cabin through opening in the upper section of circuit breaker compartment can be identified 
with help of velocity streamlines plot. It can be seen that just in the opening flow splits into 
two parts due to big vortex formed above circuit breaker. There is a steep change in air direc-
tion expressing as high curvature of velocity streamlines. Half of the opening serves as an 
inlet and half as an outlet. After proceeding further downstream air flow is accelerated due to 
smaller cross-section between sidewall and circuit breaker. Then it rises up and it is heated 
up by main electrical components. Interaction of hot and cold air forms big vortex above cir-
cuit breaker. With no harm it can be claimed that upper section of circuit breaker compart-
ment is the main area of interest inside switchgear cabin in terms of heat transfer because of 
high flow speed and maximum temperature of electrical components.  
 
Fig. 2.15 Temperature distribution over solid parts (left) and air velocity streamlines (right) 
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Following set of figures displays temperature and velocity distribution of air inside switchgear 
cabin in two main planes. Lateral cross-section shows separation of the opening (area under 
pressure relief flap) into two parts. Through the first part hot air escapes from the cabin and 
through the other it is sucked in. This phenomenon directly implies interaction of cold and hot 
air stream and important fluid mixing in this area. 
 
Fig. 2.16 Temperature field in longitudinal and lateral section plane 
Velocity field on following figures demonstrates rapid increase of air speed after entering 
switchgear cabin and its inflow into the bottom section of switchgear cabin and subsequent 
change of its direction and steep ascend around high temperature components.  
Fig. 2.17 Temperature field in longitudinal and lateral section plane 
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As mentioned, key feature of flow pattern is region of significant mixing and flow instability 
inside the upper section of circuit breaker compartment. This region is characterized by 
steepest change of flow curvature and establishment of vortices partially blocking center of 
circuit breaker compartment. As demonstrated on following figure Fig. 2.18 in this region tur-
bulence kinetic energy is maximum. Plotting turbulent kinetic energy is good indicator to 
identify vortices in the flow. Basically turbulent kinetic energy shows energy content of vorti-
ces in turbulent flow. Large vortices have higher energy content than small vortices. Turbu-
lent kinetic energy is extracted from the mean flow by large vortices. From large vortices en-
ergy is transmitted to smaller ones since it is dissipated by viscous forces on very small vorti-
ces on so called Kolmogorov length scale. This process of energy transport is known as tur-
bulent energy cascade. Turbulent kinetic energy is defined as a sum of squares of velocity 
fluctuations expressed by following formula: 
𝑇𝐾𝐸 =
1
2
{(𝑢1
′̅̅ ̅)
2
+ (𝑢2
′̅̅ ̅)
2
+ (𝑢3
′̅̅ ̅)
2
}                                                     (2.4) 
Where: 
TKE[J·kg-1] is trubulent kinetic energy. 
𝑢𝑖
′̅[m·s-1] is component of fluctuating velocity in i-direction.  
To sum up, region of high turbulent kinetic energy in circuit breaker compartment displayed 
on Fig. 2.18 is the region of biggest vortices extracting the most energy from the mean flow. 
During optimization of switchgear geometry discussed in next chapter efforts has been done 
to break this region of big vortices to minimize hot and cold air interaction to improve heat 
transfer in area of critical electrical components. 
Fig. 2.18 Area of significant mixing, velocity field (left), turbulence kinetic energy (right) 
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2.13.2 Optimization of flow field inside switchgear cabin 
Based on findings related to fluid behavior on reference geometry following objective for later 
modification was setup: 
To adjust switchgear geometry to minimize air mixing on the input into the domain to 
transport more cold air into the region of important heat sources and to enhance heat trans-
fer to cool down important electrical components (contact pins, current transformers, circuit 
breaker, busbar connections). 
This chapter brings three additional switchgear layout modifications with predicted improve-
ment in terms of calculated temperatures in important locations.  
Design space for switchgear layout modification was very limited. Safety and production 
rules used by switchgear manufacturer put very stringent limits on almost any change of 
switchgear geometry. Following list specifies the most important rules that could not be 
changed forming very tight boundary conditions for layout optimization: 
1) No additional cut-outs can be added anywhere in switchgear. 
2) Partitioning plate dividing Busbar compartment and Circuit-breaker compartment (de-
scribed on Fig. 2.5) cannot be moved or altered. 
3) Position of circuit breaker, current transformers and connections cannot be changed. 
4) Minimum distance between any steel part and current carrying component must be 
always kept. 
5) Movability of shutter system cannot be deteriorated. 
6) No additional cooling system can be added into switchgear. 
After reviewing all design limits it was clear that only possible improvement can be gained 
only by splitting upper section of circuit breaker compartment into two channels to decrease 
mixing of air on input into the domain and to govern cold air into the middle section of the 
switchgear. Following figures display longitudinal cross-sections of switchgear unit. The first 
model corresponds to reference geometry. Other models were prepared as modification of 
the reference geometry.  
CFD model Model description 
 
Reference geometry 
This cross-section describes reference geometry 
presented in all chapters above. This model was 
used as a reference for all following geometrical 
modifications. 
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Modification 1: Semi-divided CB compartment 
Circuit breaker (CB) compartment was divided into 
two separate channels by plate. Several simulations 
were performed with separating plate from different 
materials (adiabatic wall, plastic wall, steel wall). All 
results presented in section 2.13.2 refer to option 
with adiabatic wall prescribed as boundary condition. 
Thickness of separating plate was 2 mm. Length of 
plate L = 0.5 m and distance from connection com-
partment sheet H = 0.1 m was used. 
 
Modification 2: Full-divided CB compartment 
Concept of this modification is the same as for modi-
fication 1 only the plate length is prolonged to end in 
the bottom section of circuit breaker compartment 
where air is relatively cold. 
Thickness of separating plate was 2 mm. Length of 
plate L = 1.2 m and distance from connection com-
partment sheet H = 0.1 m was used. 
 
 
Modification 3: All compartments divided 
In this modification shape of separating plate was 
profiled and CB compartment was differentiated in 
vertical and horizontal direction. Additionally cable 
connection compartment was divided by small sheet 
as well.  
Thickness of both separating plates was 2 mm. 
Length of the first plate L1 = 1.16 m and distance 
from connection compartment sheet H1 = 0.09 m 
was modeled. For connection compartment 
L2 = 0.25 m and H2 = 0.4 m 
Tab. 2.12 Proposed modifications of switchgear layout 
The biggest benefit of differentiation of CB channel in modification 1 was that two separate 
streams of cold and hot air evolved. Main mixing occurred above circuit breaker insulating 
tubes and caused significant drop of temperature in this area. Whereas inlet into the cabin 
rested unblocked and enabled better inflow of cold air into the cabin comparing to the refer-
ence geometry. This is displayed on figures below.  
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Fig. 2.19 Temperature and velocity flow field after CB channel differentiation in modification 1 
Main advantage of modification 1 is calculated temperature drop on circuit breaker. To de-
crease temperature also on current transformers and not only on the circuit breaker modifica-
tion 2 was proposed. Main idea of this change in switchgear layout was to govern flow lower 
into the bottom section of circuit breaker compartment and to force cold air to change direc-
tion in the bottom of the cabin and to flow around current transformers accordingly. This flow 
pattern was established by increasing the length of separation plate. Temperature and ve-
locity field are described on figure Fig. 2.20, intended change of flow pattern is denoted by 
dashed black curve. As can be seen from Fig. 2.20 part of cold air rests in the bottom section 
cable termination compartment. Forcing air to faster exit from bottom of the switchgear to 
critical components could bring additional improvements. This is the aim of last modification.  
 
 
Fig. 2.20 Temperature and velocity flow field after CB channel differentiation in modification 2 
Last presented modification should have led to the highest change of flow pattern which 
would establish steady circulating flow around circuit breaker and current transformers. To 
challenge this, separation plate was bended and bottom section of switchgear unit was also 
separated by horizontal plane. This modification led to the highest drop of temperature on 
controlled electrical parts however it required dramatic changes in switchgear design. Tem-
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perature and velocity field are described on figure Fig. 2.21. Velocity field describes well-
established circulating flow path from the inlet to the exit through pressure relief flap. 
 
 
Fig. 2.21 Temperature and velocity flow field after CB channel differentiation in modification 3 
After modification of switchgear layout convergence of monitored temperatures improved. 
Changing the flow pattern led to higher stability of CFD solution comparing to reference ge-
ometry. This is demonstrated on following figure Fig. 2.22. Higher stability of CFD solution 
can indicate less unsteadiness and improvement of flow field. 
 
Fig. 2.22 Improved stability of solution after flow pattern modification 
According to CFD analysis all suggested modifications should lead to temperature drop on 
important electrical components. Following table shows computed average temperatures in 
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important location (for exact positions please see section 2.11). Green color in table below 
highlights predicted improvement on critical components (Pos. 1a – L1 contact pin, Pos. 3a – 
L2 contact pin, Pos. 4a – L2 CT top). Prescribed heat fluxes as boundary conditions re-
mained completely the same as in case of reference geometry modeling the same heat pow-
er of electrical components. All separation plates were modeled as adiabatic walls for all lay-
out modifications presented in this thesis.  
 
Tab. 2.13 Predicted temperatures of electrical components after layout modification  
Based on CFD analysis of various switchgear layouts changing the flow path significantly 
affects heat transfer inside switchgear cabin. All proposed modifications of the flow path 
seemed to bring promising temperature drop on important electrical components. After dis-
cussion with switchgear manufacturer management modification 1 was chosen as the best 
option in terms of calculated improvement and constructional simplicity. Based on CFD re-
sults separation of circuit breaker upper section into two channels should bring average 10% 
improvement in temperature of important electrical components. To verify CFD results sepa-
ration plate was designed, manufactured and mounted into the reference switchgear unit and 
additional experimental testing was performed. This is discussed in following chapter. 
2.14 Experimental measurements on switchgear with modified layout 
2.14.1 Test setup and test performance 
Switchgear layout was modified based on CFD model (modification 1). Two partitioning 
plates were manufactured, one from plastic and one from steel. Both option had to be tested 
to see the effect of different material on output temperature rise. Having two options tested 
provided more information to switchgear manufacturer for decision about design improve-
ments. If both option showed same results it would be better to use steel partitioning wall for 
lower manufacturing costs.  
Temperature measurements according to the same procedure as in case of reference as-
sembly were performed. At first plastic partitioning wall was added into circuit breaker com-
partment. Position of this partitioning was 10 cm from rear separation wall of connection 
compartment (Fluid domain 2 in CFD model). Partitioning wall position fitted to the flange of 
pressure relief flap as described on Fig. 2.23. This established 2 mm space between flap and 
partitioning wall. Mixing of fluid in this area is improbable because of small height of this slot. 
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Fig. 2.23 Partitioning wall and the pressure relief flap mutual position 
Steady state temperatures were reached after 10 hours of switchgear operation. Maximum 
ambient temperature reached 24.5°C, starting from 19.6°C in the beginning of experiment. 
Steady state temperatures are listed in the table below: 
 
MEASURING POINTS MAXIMUM TEMPERA-
TURE AT STEADY 
STATE [°C] 
Position of thermocouple 
Reference 
picture 
Pos. 1a – L1 contact pin A1 88.9 
Pos. 2a – L1 CT top back B1 70.7 
Pos. 3a – L2 contact pin B1 92.3 
Pos. 4a – L2 CT top C1 80.9 
Pos. 5a – L1 CT top middle A1 76.5 
Pos. 7a – L1 CT front E1 65.6 
Pos. 8a – L1 CT bottom contact F1 69.8 
Tab. 2.14 Steady-state temperatures measured with plastic partitioning wall 
All thermocouples remained on the same place as in case of the first initial experiment (refer 
to the section 2.4.3). After this experiment plastic wall was dismounted and replaced with 
partitioning wall manufactured from steel. Steel partitioning wall remained in completely the 
same position as the plastic one. Based on CFD results higher thermal conductivity of steel 
should have established heat flux from hot air exiting the outlet channel into the cold air in 
inlet channel through material of partitioning wall. This was considered as negative effect 
because it was desired to govern as coldest air as closest as possible to important electrical 
components further downstream in switchgear cabin. 3 mm flange was created from black 
tape as demonstrated on following figure Fig. 2.24 to minimize the risk of mixing of cold and 
hot air below the pressure relief flap. 
 
 
Fig. 2.24 Adding a flange – steel partitioning wall 
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Steady state temperatures were reached after 11 hours of switchgear operation. Maximum 
ambient temperature reached 24.4°C, starting from 19.4°C in the beginning of experiment. 
Steady state temperatures are listed in the table below: 
 
MEASURING POINTS MAXIMUM TEMPERA-
TURE AT STEADY 
STATE [°C] 
Position of thermocouple 
Reference 
picture 
Pos. 1a – L1 contact pin A1 88.8 
Pos. 2a – L1 CT top back B1 71.2 
Pos. 3a – L2 contact pin B1 92.6 
Pos. 4a – L2 CT top C1 81.2 
Pos. 5a – L1 CT top middle A1 76.7 
Pos. 7a – L1 CT front E1 65.6 
Pos. 8a – L1 CT bottom contact F1 69.8 
Tab. 2.15 Temperature rise history – steel partitioning wall 
2.14.2 Comparison of measured data on switchgear with modified layout 
Following table Tab. 2.16 brings comparison of steady state temperatures measured on 
switchgear with modified geometry with reference layout. Temperature rise for reference and 
modified configurations is defined as a difference between steady-state temperature at given 
location and ambient air temperature. Same definition of temperature rise variable can be 
found in ČSN EN 62271-200 where it serves as decision criteria for high-voltage switchgear 
qualification in terms of temperature rise test. 
𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑟𝑖𝑠𝑒 = 𝑇𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡                                                  (2.4)   
Absolute and relative differences are always related to the reference geometry. Green color 
highlights improvement on most exposed critical components (Pos. 1a – L1 contact pin, Pos. 
3a – L2 contact pin, Pos. 4a – L2 CT top). 
 
Tab. 2.16 Results of experimental measuring on switchgear with modified layout 
Both experiments which were based on modifications from CFD simulations reached lower 
maximum temperatures then reference configuration in all important locations.  
 
The highest difference in maximum temperatures occurred between the reference configura-
tion and configuration with plastic partitioning wall where critical temperature at L2 contact 
pin dropped by -4.8%. However, very similar results were measured also for configuration 
with steel partitioning wall. Material of partitioning walls has only small importance. 
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2.15 Comparison of experiment and CFD simulation for modified layout 
First CFD model was prepared based on results of initial experimental measurement thus 
very good agreement of calculated and measured temperatures was observed. Difference 
between predicted and calculated temperature on the most exposed part (middle contact pin 
on Pos. 3a) was only 3%. All additional CFD models for layout modification were prepared 
based on CFD results of reference geometry (heat fluxes used as boundary conditions, 
please refer to section 2.11). Comparing predicted temperature rise stated in Tab. 2.13 and 
final experimental results on switchgear with modified layout in Tab. 2.16 it must be added 
that simulated values were slightly over-predictive in terms of design improvement. Again for 
most critical component (middle contact pin on Pos. 3a) there was 10% improvement pre-
dicted by CFD model but 4.8% improvement measured during experiment. For all CFD cases 
the highest temperature was predicted on middle contact pin by CFD this was confirmed by 
experimental testing afterwards. With no harm it can be claimed that all important trends in 
flow field were captured by CFD model and all simulations were in good agreement with ex-
perimental measurements.   
Differences between measured and calculated temperatures were caused by simplified as-
sumptions used in CFD model. There are two main areas that might bring additional im-
provement in the future to get even better correlation with experimental and predicted data. 
The first is to consider air around and above switchgear in computational model to describe 
interaction of hot and cold air out of switchgear cabin. In current state opening boundary 
condition was prescribed on position of pressure relief flap putting constraints on flow enter-
ing the domain. However this would dramatically increase number of elements and computa-
tional cost. Next step might be to perform less simplification of real switchgear geometry and 
to perform sensitivity study on mesh type and density. The second way that might bring addi-
tional improvement would be to consider radiation in heat transfer model. However this would 
require knowledge of emissivity of switchgear components and again computational cost 
would dramatically increase.  
2.16 Conclusion of CFD part 
To get required information about air flow behavior inside high-voltage switchgear cabin ex-
perimental measurement was carried out. Experimental measurement was focused on criti-
cal electrical components representing major heat sources in switchgear cabin. Critical com-
ponent in terms of temperature rise was middle contact pin, where maximum temperature 
95.5°C was observed. According to ČSN EN 62271-1 maximum allowable temperature for 
this type of component is defined as 90°C. Experimental measurement performed in this 
thesis did not comply all requirements defined in ČSN EN 62271-1 it served as an input for 
CFD model. So all presented experimental results cannot be considered as results from 
temperature rise test defined by this standard. In other words it cannot be claimed that 
switchgear would fail the temperature rise test defined by ČSN EN 62271-1. But it can be 
claimed that if test was performed once again respecting all requirements of above men-
tioned standard results for this critical component would lie somewhere on the edge between 
acceptable and unacceptable results. In this thesis the most critical component was identified 
and any improvement in temperature drop on this component increases chances to be in 
safe region of passing this temperature rise test. 
To describe air flow behavior and to model heat transfer phenomena inside switchgear cabin 
several CFD simulations were performed. In total four CFD simulations were discussed one 
for reference geometry of switchgear unit and three for switchgear with modified geometrical 
layout. All CFD simulations were based on real experimental measurements. Initial CFD 
model of reference geometry show very good agreement (3% difference for middle contact 
pin) with experimentally measured data. The first objective of CFD study was to get infor-
mation about air flow driven purely by natural convection inside switchgear cabin. The sec-
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ond was to propose modification of reference geometry to minimize temperatures of im-
portant electrical components during switchgear long-term operation. 
Main idea of all geometrical modifications of switchgear layout was to split circuit-breaker 
compartment into two separate channels and to mitigate excessive mixing of cold and hot air 
on the inlet into the switchgear cabin. Change of switchgear layout was made feasible by 
altering the fluid domain by adding partitioning plates into the cabin and governing cold air 
flow to critical electrical components which led to enhance of heat transfer from electrical 
components to surrounding air. Proposed geometrical modifications are presented in section 
2.13.2. Geometry with circuit breaker compartment split by vertical profiled plate in upper 
section of switchgear unit and horizontal plate in the bottom section showed the highest pre-
dicted improvement. Calculated improvement for this modification reached 12% on critical 
contact pin. This modification was not finally implemented for its complexity in terms of ex-
cessive design modification. Only geometry modification with one vertical plate separating 
circuit breaker domain was accepted by switchgear manufacturer. This modification is re-
ferred as “Modification 1: Semi-divided CB compartment” and it predicted 10% improvement 
in terms of temperature rise.  
To verify simulated results of layout modification additional experimental testing was re-
quired. To split circuit breaker compartment into two sections steel and plastic partitioning 
plates were manufactured and mounted into reference unit. Plastic and steel plate were used 
to account for the effect of different materials on heat transfer. For both cases improvement 
comparing to the reference state was observed. Measured temperatures of critical compo-
nents are stated in table 2.16. Adding a plastic partitioning wall led to 4.8% improvement on 
critical contact pin in terms of temperature rise defined in ČSN EN 62271-1. Adding a solid 
plastic wall led to almost the same results and improvement of 4.5%.  
To gain 4.8% (3.4°C) drop in temperature on the most critical component only by very 
easy modification of current switchgear geometry is a great success. In practice maxi-
mum temperature rise lies very close to maximum acceptable limits. Each 1°C temperature 
drop is very welcomed and can determine about switchgear design passing temperature rise 
test. With respect to strict design limitations stated in section 2.13.2 splitting circuit breaker 
compartment brings handy solution how to decrease temperature on critical electrical com-
ponents without vast changes in switchgear topology. 
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3. APPLICATION OF DOE ON BUSBAR JOINTS 
In the second part of this thesis problem of busbar joints will be discussed. Typical busbar 
joint is described on Fig 3.1. According to experience from ABB technology center busbar 
joints are significant thermal sources in switchgear unit. Busbar joints are also places, where 
temperature must be controlled. Maximum temperature rise of busbar joints is prescribed by 
standard ČSN EN 62271-1. If temperature limit is exceeded, tested switchgear fails and must 
be redesigned. Additional cooling system must be included, switchgear layout must be modi-
fied or switchgear must be shifted to lower class for lower currents. This is always connected 
with additional cost.  
Our aim presented in second part of this thesis was to identify and to assess effects of fac-
tors that contribute to temperature rise of busbar joints. For this purpose series of experi-
ments was run and it was tried to justify interactions and effects of all factors affecting joint 
temperature. Not to neglect any of those factors and to decrease the number of measure-
ments, statistical methodology called Design of experiment (DOE) was applied.  
Fig. 3.1 Typical busbar bolted joint [2]  
3.1 Design of experiment – Theoretical part 
Design of Experiment (DOE) is an approach for effective and efficient exploring the cause-
and-effect relationship between process variables so called factors (Xs) and output variables 
so called responses (Ys). The idea of DOE is very simple. It is based on “right choice” of 
measuring points in a planned way, represented by a “right combination” of factor levels, 
which results in the fine description of response variables. [18]  
Here are few advantages and reasons why DOE approach was preferred in contrast to clas-
sical approach to experimental measurements: 
1) DOE identifies the “vital few” sources of variation (Xs) that have the biggest impact on 
a response (Y). 
2) DOE quantifies effects of important factors (Xs), including their interactions  
3) DOE produces an equation that quantifies the relationship between important factors 
(Xs) and response (Y). Furthermore the response can be predicted for any changes 
in factors (process conditions). 
Design of experiment does not only deal with laboratory experiments and measurements 
itself. It is rather a methodology or series of procedures that should lead to better under-
standing of a process. It is most usually connected with six sigma strategy and quality im-
provements. [19]  
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Generally following five steps can be distinguished in DOE methodology. At first Planning the 
experiment, this comprehends identification of factors and responses, capacity planning etc. 
Second step is the selection of design of the experiment; this depends on number of factors 
and their levels. Third step contains measurements and data collection. Then comes the 
analysis of collected data mostly statistical software is used for testing of statistical hypothe-
sis, derivation of main effects and so on. This leads to establishment of mathematical model 
that describes the response. Finally after verification of model and results, knowledge gained 
can be applied on tested object and further improvements can be initialized.  
In engineering practice some additional steps can be added, but generally DOE approach 
can be described by following diagram.    
Fig. 3.2 Process of Design of experiment 
3.1.1 Planning the experiment 
As it was mentioned it was tried to assess factors having significant effect on temperature 
rise of the joint. That means temperature represents the response variable. Layout of the 
joint can vary and consequently brings up a space for many modifications (different busbar 
cross section, change of the tightening torque, length of the overlap, pressure distribution in 
the contact etc.). Every modification is related to different joint behavior and different temper-
ature rise under operational conditions. 
In terms of factors identification all factors are categorized into two groups: “basic factors” 
that cannot be modified (factors given by a design of the joint) and “additional factors” (fac-
tors that can be modified and haven’t been tested in ABB). This categorization is described 
by following table.  
Basic factors Additional factors 
Design of the joint (clamped, bolted) Streamline effect 
Busbar cross section Contact force 
Material of the busbar Pressure distribution in the joint 
 Material Treatment 
Tab. 3.1 Description of factors affecting temperature rise in a joint 
Planning the experiment 
Design of the experiment 
Analysis of results 
Application of results 
Measurements 
Data acceptable? 
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3.1.1.1 Description of Basic factors 
In engineering practice there are many types of jointing methods (bolting, welding, clamping 
etc.). In case of tested switchgear bolted joints were used. Bolted joints are the most com-
mon joints in switchgear manufacture. This is thanks to their compactness and versatility. 
There is also an advantage of using bolts from the heat transfer point of view. Because bolt’s 
area is colder than area of busbars and it can contribute to cool the contact region by enlarg-
ing the surface of the thermal exchange to surroundings. This idea can be found in [2]. For 
those reasons factor describing a joint type was neglected and only bolted joints were con-
sidered. 
Another two factors, material of the busbar and its cross-section were neglected as well. This 
was possible for two reasons. At first because those factors are well described by theory, 
their effect on the response can be easily calculated. The second reason was the limited 
capacity. To test bars with variable cross-sections would lead to the increase of number of 
measurements with response, which is predictable. No new information would be gained for 
the price of lost capacity.   
3.1.1.2 Description of Additional factors 
This group of factors is more important for DOE presented in this thesis than previous one. 
Those factors were added because they have not been taken into consideration during new 
switchgears development by switchgear manufacturer. That means that any new information 
gained could reach high importance for design of new products. In [1] it can be found that 
most important factors affecting temperature rise are streamline effect, contact force and  
material treatment (polishing, use of oils etc.). It needs to be claimed that we couldn’t evalu-
ate the effect of material treatment. This would require to measure roughness of bars which 
is very complicated. So this factor was considered as fixed.  
a) Streamline effect 
It was experimentally proved that the distortion of current lines depends on geometrical char-
acter of busbar joint [1]. And even for perfectly flat busbars distribution of current over the 
contact area is not uniform. Resistance of the joint and its temperature respectively decreas-
es with the length of the overlap as displayed on Fig. 3.3. Theoretical influence of streamline 
effect is described by the streamline resistance ratio e.  
𝑒 =
𝑅𝑠
𝑅𝑏
                                                                                   (3.1)                      
Where: 
Rs[Ω] is resistance of a two bars forming a joint. 
Rb[Ω] is resistance of a bar without a joint of equal length. 
 
Fig. 3.3 Values of resistance ratio e related to the joint characteristic dimensions [1]  
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From Fig. 3.3 it is visible that for small overlap and large thickness the streamline effect has 
to be taken in account. Ratio of overlap and thickness was always higher than 6 for all con-
figurations tested in DOE. Despite that this factor was included into DOE matrix to check if 
proposed trend from Fig. 3.3 is valid even for copper samples used by switchgear manufac-
turer and if increase of  busbar overlap would lead to decrease of joint resistance and tem-
perature drop respectively. 
b) Pressure distribution 
From microscopic point of view all material surfaces are rough. They are formed by peaks 
and valleys. When contact pressure is applied mechanical contact of those two surfaces is 
formed only by their peaks. That means that the real contact area Ab forms just a part of the 
whole area of overlap (so called apparent area). And the real area of the electrical contact Ae 
is even smaller than area of mechanical contact. This is caused by insulating oxides that 
appear on each metal surface under electrical load. Those oxides form microscopic layer on 
peaks that could be crossed only via tunnels in this layer. That means that area of electrical 
contact is even smaller than the area of mechanical contact which is smaller than the area of 
the overlap. This is most usually called a tunneling effect. [3]  
 
Fig. 3.4 To the discussion of real area of electric contact [3]  
Apparently, problem how to evaluate the real area of electric contact becomes a problem of 
how to sum all interfering peaks. In [3] it is mentioned, that for such computation stochastic 
method must be used. It is caused by the stochastic distribution of peaks and valleys on the 
surface of the material and their random characteristics. However very precise measuring of 
material roughness is necessary. For this complexity busbar roughness was considered as 
fixed and this factor was not implemented into the DOE. 
However the real area of contact does not depend only on roughness but also depends on a 
pressure field around a joint. In literature it can be found that drilling a slot into the bar has 
positive effect on contact resistance and temperature rise respectively. Drilling a slot leads to 
the change of bar ductility. When ductility of the bar is decreased the quality of mechanical 
contact rises. For example Slatchev claims: „The contact resistance of joint configuration with 
slots is 30-40% lower, mechanically and electrically more stable when subjected to current 
cycling test.“ [5, 6].  
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Change of the pressure distribution after drilling a slot is described on a following figure. 
 
Fig. 3.5 Change of the pressure field after drilling a slot [4]  
This issue reached high interest at switchgear manufacturer specialists and it was included 
into DOE matrix. The factor of pressure distribution was represented by small cut-out drilled 
into the one of the bars similarly like demonstrated on Fig. 3.5.  
c) Tightening torque 
This factor is related to the pressure distribution. Generally it holds that increase of contact 
pressure (tightening torque applied on bolts respectively) evokes deformation of more peaks 
and breaking oxide layer. This leads to drop in joint resistance and joint temperature. [1]  
Relation of contact resistance and pressure for two bolted copper bars was experimentally 
measured [1]. Measured relation is shown on Fig. 3.6. Relation of tightening torque, preten-
sion and contact pressure is described in computational section 4. 
 
Fig. 3.6 Effect of contact pressure on contact resistance for copper busbar joints [1]  
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3.1.2 Description of factor levels 
As it was mentioned the purpose of DOE is to find the best combination of factors (Xs) that 
leads to the finest description of response variable (Y). Measuring of response variable in 
specific points from experimental space (combination of all values that factors can acquire) is 
the key for this accomplishment. However it is necessary to realize that every experiment is 
limited by time and resources. Performing measurements in every single point of the experi-
mental space would be very costly and time-consuming. So it is much better to „place our 
scopes“ in experimental space more pragmatically and not randomly.  
Design of the experiment varies with number of factors and number of factor levels. Not to 
neglect any level of any factor the matrix of experiment must be orthogonal. By term matrix of 
experiment it is meant the matrix formed by a combination of factor levels for every single 
measurement point in experimental space.  
There are various types of experimental designs (Full factorial, fractional factorial, Plackett-
Burman, etc.). In this thesis only full factorial design is highlighted because it was applied in 
experiment. Full factorial design is the simplest one and usually is presented for the explana-
tion of DOE. The most elementary factorial design contains two levels for each of two factors. 
This is called a 22 (or 2x2) factorial design. This notation considers two levels (the base) for 
each of two factors (the power). In graphical representation design points (scopes, where the 
measurement is performed) lay in corners of the square. Additionally other factors can be 
included into the experiment. For example 23 (2x3) full factorial design is the one where re-
sponse variable has to be measured in all corners of the cube. Generally those types of de-
signs are called 2K designs.  
Fig. 3.7 Full factorial 2K DOE (22 design – left, 23 design – right) 
Note:  Design points of full factorial test are often marked with 0 (low level) and 1 (high level) 
so called coded units. This type of marking will be used also in this thesis. 
The 2k full factorial design can be actually extended by adding center points. This new ex-
tended type of design is called 3k full factorial design. That means that each factor has 3 lev-
els at which measurement must be performed. There are many situations where 3k designs 
must be used instead of classical 2k designs. Especially, when there is a nonlinear (e.g. 
quadratic) relation between the response and some factor for example the rise of tempera-
ture during a day. Temperature would be dependent on time, in the midday temperature 
would be most probably highest and it might be decreasing during the afternoon. If meas-
urement would be performed only in the morning and in the evening it would not be possible 
to detect such a curvature effect with only two levels. Because it was desired to track also 
nonlinear response 3k full factorial design was chosen for our experiments. 
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3.2 Design of experiment – Practical part 
3.2.1 Screening - Initial experiments 
The first measuring in the DOE strategy is mostly called screening. Screening should reveal 
relationship between those factors where the consequences related to response variable are 
not known or described by theory. Screening part should sort factors in two groups according 
to their effect on the response variable – factors with significant effects and factors without 
significant effect. Furthermore factors with highest impact on response variable (most usually 
two or three) are selected. 
After identification process of input factors for DOE it is necessary to prepare experimental 
apparatus and to perform analysis of “reference assembly” to be able to decide if later modi-
fications can bring any improvement. For those reasons few initial experiments were per-
formed as described in following chapter. 
3.2.2 Experimental apparatus 
Experimental apparatus consisted of two bars TEST BAR 1 and TEST BAR 2 that were 
manufactured and bolted together according to drawing MEASURING ASSEMBLY (please 
refer the documentation in appendix). Whole assembly was connected to the high-voltage 
switchgear and transformer as illustrated on following figure Fig. 3.8.   
 
 
Fig. 3.8 Experimental apparatus for “reference assembly” 
Setup of switchgear and power supply remained the same as in the experiment for the verifi-
cation of CFD model. Again electrical current on power supply unit was being changed ena-
bling adjustment of current in the circuit (as described in measuring procedure in CFD analy-
sis). Finally two quantities were measured: temperature and voltage drop over the joint. 
3.2.3 Measuring the temperature 
For the measurement of temperature three different methods were used. At first NiCr ther-
mocouples attached on the surface of bars by Teflon tape. Then a TJ36-CAXL-116U-12 
thermocouple drilled into the upper bar and RAYTEK portable infrared temperature meas-
urement device. All thermocouples were linked to the data logger and temperature was 
logged with sampling frequency of 1s. Positioning of thermocouples and labels for infrared 
measuring is described on Fig. 3.8. Circled positions represent surface thermocouples 
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(1,2,3,4,6,7), position 5IN stands for drilled TJ36-CAXL-116U-12 thermocouple and flagged 
positions (S1,S2,S3,S4) represent labels for infrared measuring. Data acquisition was per-
formed with same data logger as during experiments for CFD. For more details regarding 
data logger please refer to section 2.4.1 and appendix 4. 
3.2.3.1 Measuring the temperature using infrared thermometer 
Infrared measurement of temperature is based on principle very similar to the principle of 
human eye. Eye focuses infrared radiation onto the retina. Infrared thermometer has lens 
focusing infrared radiation from a target to the detector. Incoming infrared energy is transmit-
ted into electrical signal. The amount of energy radiated from an object is described by a 
Stefan-Boltzmann law and depends on emissivity and temperature of the tested object. If the 
amount of energy and emissivity are known then a temperature can be calculated easily.  
To fix emissivity level special labels with measured (known) emissivity were attached on the 
bar top surface. Area of labels depends on the distance of detector from an object. Diameter 
of a spot label was found as 23 mm according to diagram in thermometer documentation. 
23 mm labels referred to the distance of 1 m that was maintained during experiment. Emis-
sivity of labels was declared by OEM of device as 0.95. For diagram and technical details of 
RAYTEK infrared thermometer please refer to appendix 4. 
3.2.3.2 Measuring the temperature using thermocouples 
Thermocouple itself consists of two conductors from different materials linked together form-
ing a junction. Any junction of dissimilar metal conductors produces an electrical voltage re-
lated to temperature. The voltage produced is dependent on the temperature difference be-
tween the junction (hot junction) and some other part of the circuit with known (reference) 
temperature (cold junction). Different metal alloys used for thermocouples have different pre-
dictable relationship between voltage and temperature. Different alloys are used for different 
temperature ranges. In our case the K-type thermocouples were used. This type consists of 
two conductors, one from 90% nickel and 10% chromium and the second from 95% nickel, 
2% manganese, 2% aluminum and 1% silicium. Allowable range for applied thermocouples 
was from – 200°C to + 1300°C which was not exceeded. 
3.2.4 Measuring the voltage drop 
For evaluation of voltage drop over the joint very precise multi-meter was used. Clamps were 
placed under bolts as it can be seen on figure Fig. 3.8. Voltage drop and temperature rise 
are bounded by the formula for Joule’s heat. The higher the voltage drop the higher the tem-
perature rise in a joint.  
3.2.5 Results of initial experiments 
In overall five experiments were performed with the “reference assembly” (please see draw-
ing R_ASSLY in appendix 3). There were two aims of doing so. At first as it was already 
mentioned results gained give a good comparison for any later modification. And secondly it 
was tried to assess the effect of tightening torque. Based on the theoretical background (see 
chapter 3.1.1.2.) the effect of tightening torque should be small. For this reason this factor 
was included into initial experiments and not into DOE which brought significant reduction of 
number of measurements.  
According to manufacturer’s standards M12 bolts should be tightened above the level of 
80Nm. To assess the effect of tightening torque measurements with bolts tightened on 
80Nm, then on  40 Nm and 10Nm were performed, all for the input current of 800 A. Addi-
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tionally experiments with 80 Nm, 40 Nm and input current of 1250 A were prepared to see 
impact of current level.  
Temperature rise on all thermocouples was measured until the steady state was reached 
with sampling frequency of 1s. It took most usually 3-5 hours to reach steady state. The rise 
of temperature was being scoped and registered with 20 minutes time steps and logged eve-
ry second. Value for each 20 minute time step was compared to the value of previous time 
step. When the difference reached approximately 0.1°C measurement was stopped. This 
procedure was used for all DOE measurements. Following table presents highlighted tem-
peratures within 20 minutes time steps for the “reference assembly” tightened on 40 Nm and 
loaded by 800 A current. 
 
Tab. 3.2 Evolution to the steady-state temperature (“Reference assembly”, 800A, 40Nm) 
Temperature rise curves were steepest at first hour, afterwards it slowed down. Measured 
temperature evolution is visible on following figure. 
 
Fig. 3.9 Temperature rise (“Reference assembly”, 800A, 40Nm) 
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Overall rise of temperature calculated as a difference of the maximum (steady-state) temper-
ature on each thermocouple and the steady-state ambient temperature (thermocouple T7) for 
different tightening torque levels is described on fig 3.10. This difference was also taken as a 
response variable during the DOE. More precisely the average temperature difference calcu-
lated from thermocouples on positions 3,4,5IN which reflect the temperature of the joint. As 
can be seen from temperature distribution on fig 3.10 maximum temperature was measured 
always on thermocouple 1. This was caused by the setup of experimental apparatus be-
cause the transformer link to busbars was significant source of heat. To emphasize tempera-
ture distribution over the joint the average temperature on 3,4,5IN was used as response 
variable for DOE. This average temperature is bounded to voltage drop over the joint which 
was also measured and analyzed within a DOE. 
 
Fig. 3.10 Differences in temperature rise for different tightening torque values. 
As it can be seen, change of tightening torque from prescribed 80Nm to 40 Nm does not lead 
to significant changes of temperature. Only lowering the tightening torque on 10 Nm conduc-
es to temperature rise. These observed results of experiment were in accordance with theo-
retical assumption. Comparing the trend of curve describing relation of joint resistance and 
applied pressure displayed on Fig. 3.6 with trend of curve displayed on Fig. 3.11 displaying 
relation between temperature rise and tightening measured during our experiment some cor-
relation can be seen. There is no advantage of applying high tightening torque as only small 
effect on temperature has been measured. It must be claimed that two different quantities 
are being compared: resistance and temperature. However temperature rise depends direct-
ly on the rise of joint resistance (please see section 1.1). This relation is also fairly discussed 
in [1]. 
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Fig. 3.11 Effect of tightening torque on joint temperature (Rise of temperature calculated as 
difference of average temperature from thermocouples on positions 3,4,5IN and ambient air 
temperature. Values measured for initial assembly with input current of 800A) 
3.2.6 Conclusion of initial experiments 
From experimental results it was found that lowering the tightening torque on half of the pre-
scribed value by manufacturer’s standard does not have significant effect on temperature 
rise of busbar joint. This knowledge can be directly applicable in construction of new switch-
gears. It poses the question if for example “cheaper bolts” manufactured from cheaper mate-
rial, with lower yield, could be used and tightened on lower level? This would very probably 
lead to the cost reduction. From the point of DOE tightening torque can be removed from 
factors with significant effect on temperature rise in busbar joint. 
3.2.7 Main DOE measurements 
After elimination of tightening torque from DOE factors only two factors (X1,X2) remained for 
the analysis. Factor X1 represented the streamline effect (the length of overlap) and factor 
X2 represented pressure distribution (drilling of the cut-out). 3k design was selected based on 
the assumption of nonlinear relationship between the length of overlap (Factor X1) and tem-
perature rise (response Y) or voltage drop potentially. Design of experiment with selected 
two factors is demonstrated on figure 3.12. 
 
Fig. 3.12 Design of experiment (respective geometrical configurations are described in ap-
pendix 3, drawing DOE) 
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To be able to adjust the length of overlap two grooves were drilled into the TEST BAR 1 
(please see drawing TEST_1 in appendix 3). Those two grooves in bottom bar of the assem-
bly enabled to change mutual position of both bars and to setup the length of overlap on val-
ues from 65mm to 110mm. According to the 3k design this factor was tested on 3 levels: 
65mm, 88 mm, and 110mm.  
To be able to estimate the effect of pressure distribution one cut-out (factor X2) was added 
into the upper bar (TEST BAR 2, please see drawing TEST_2 in appendix 3) of the assem-
bly. Adding a cut-out affected the ductility of material and should enable a better contact. 
TEST BAR 2 was being modified (small cut out was drilled and extended afterwards) for 
each new level of factor X2. The length of cut-out was 0mm, 35mm and 70mm accordingly. 
Three sets of experiments with variable length of overlap were performed for every single 
modification of the TEST BAR 2. Assembly of both bars is described in appendix 3 (please 
see drawing DOE_ASSLY).  
Procedure of drilling a cut-out and changing the length of the overlap is described on drawing 
DOE (please refer to the appendix 3) where factor levels are displayed. Nine new modifica-
tions were tested. Each modification is named as a design point that represents one experi-
mental measurement. Setup of the apparatus remained the same as in case of the initial 
experiment. 
3.2.8 Analysis of results 
Procedure of measuring and experimental apparatus remained the same as during the initial 
experiment. Order of experiments could not be fully randomized because of drilling the cut-
out. As material removal is an irreversible process and additional copper samples were not 
available. Secondly, due to the limited capacity and resources only one run of measurement 
in all given configuration was performed. Those factors might have negative impact on statis-
tical credibility of results. To decrease the variability of measured data and to emphasize  
temperature in contact the average value of temperature measured on thermocouples num-
ber 3,4 and drilled thermocouple 5IN was used as a value of response variable. Temperature 
rise should correspond to voltage drop. Measured voltage drop was considered additionally 
as second response variable much rather to confirm temperature variation and other dis-
crepancies. Average values of measured temperature and corresponding voltage drop for all 
design points are described on following diagram: 
 
Fig. 3.13 Design of experiment – results of response variables (temperature rise on the left, 
voltage drop on the right) 
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Temperature evolution till steady-state for all DOE configurations can be found in appendix 2. 
Further statistical analysis was performed in MINITAB v16, where main effects, interactions 
and response surface were evaluated. 
3.2.8.1 Anderson-Darling normality test 
For purpose of further statistical testing one sample Anderson-Darling normality test was 
performed to find out whether variance of data comes from normal distribution and if there 
isn’t any significant error in measured data. Anderson-Darling test was performed for both 
response variables (average temperature of thermocouple 3,4,5IN and corresponding volt-
age drop). Null hypothesis was set as following: “Measured data of response variable are 
normally distributed.” Based on the p-value (p-value = 0.626) the null hypothesis wasn’t re-
jected on the level of significance 0.05 and data were considered as normal.  
Statistical analysis of all results was performed in MINITAB v16. It offers 3 types of normality 
test: Anderson-Darling, Ryan-Joiner and Kolmogorov-Smirnov. All tests uses different ap-
proach to calculate difference of analyzed data comparing to the data which are normal. In 
our case all normality tests declared the same output that measured data from our experi-
ment are normally distributed (For all test p-value was larger than 0.15). In the end results for 
Anderson-Darling test are presented because it is a default setting recommended by 
MINITAB documentation. According to [29]  Anderson-Darling and Ryan-Joiner are both of 
the same strength when revealing the non-normality but Kolmogorov-Smirnov might be 
weaker for certain data. Probability plots are described on following figure: 
 
 
 
Fig. 3.14 Probability plot for normal statistic of measured data. Average joint temperature – 
up, voltage drop - bottom  
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3.2.8.2 Main effects and interactions 
Main effects are used to find the overall effect of each factor on the response. The main ef-
fect is basically the average increase (or decrease) in response variable when moving from 
low to high level of a factor. Generally there are three ways how to decide which effect has 
the largest impact: compare p-value for each effect, plot down a Pareto chart of effects or 
create the main effect plot to see the change in the average response for each factor. In this 
thesis the third approach was selected.  
 
 
Fig. 3.15 Main effects Plot for the response variable. Average temperature – up, voltage drop 
- bottom 
From this figure it can be seen that changing the length of overlap has positive effect on 
temperature rise in the joint, which was assumed in the early stage of an experiment. How-
ever, drilling a cut-out (to change a pressure field) had only positive effect when going from 0 
to 35 mm. But in further increase of cut-out length to 70mm had negative effect on tempera-
ture rise. To draw a conclusion, interactions must be tested as well because one factor might 
depend on another factor. 
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Fig. 3.16 Interaction plot for response variable. Average temperature – up, voltage drop - 
bottom 
As it can be seen from Fig. 3.16 no large interaction between the length of overlap and drill-
ing a cut-out has been found except for configuration of 0mm cut-out and 35mm cut-out. For 
this configuration slight interaction can be found for average temperature rise as well as for 
voltage drop. Importance of this interaction was considered based on Analysis of variance 
(ANOVA) described in following section. Generally increasing the length of drilled cut-out has 
negative effect on temperature rise except from one case - increasing the cut-out length from 
0 to 35mm. Differences in plots for voltage drop and for temperature rise are caused by 
measurement uncertainties mostly by uncertainties of measuring temperature. From theory 
of Joule heating temperature rise is bounded to voltage drop. 
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 3.2.8.3 Response surface 
As it was mentioned in theoretical part 3k design of experiment was chosen for its ability to 
qualitatively describe quadratic relationship between variables. Higher order than quadratic 
description of factors relationship might lead to over-fitting of the model. Over-fitted model 
represents mathematical model that seems to explain well the relationship between meas-
ured data and response variable but might fail to provide valid information for new observa-
tions. Suitable model was chosen based on the ANOVA. ANOVA is statistical technique used 
for hypothesis testing. It was developed by English statistician R.A. Fisher. Aim of ANOVA is 
to reveal whether statistical hypothesis (test result) is statistically significant or not. That 
means that if it is unlikely that this test result occurred by chance. In case of our experimental 
measurement statistical hypothesis were constructed and tested to see what factor (length of 
overlap, drilling cut-out) has significant influence on temperature rise of busbar joint. ANOVA 
enables to compare variation within groups (in our case each group was formed by tempera-
ture measurement belonging to factor level). Null hypothesis is that all groups are simply 
random samples of same population (in our case that all factors has same effect on tempera-
ture rise). Rejecting the null hypothesis implies that one group differs (in our case effect of 
one factor is larger than the other). Significance of result and rejection of null hypothesis is 
done based on p-value (probability of rejecting the null when that null hypothesis is true). If p-
value is less than level of significance null hypothesis can be rejected. For more information 
regarding this technique please refer to [28, 29]. 
In this thesis ANOVA was used only to make judgment about significance of linear models 
describing effect of factors on response variable but in general ANOVA is more complex and 
can provide much more statistical information.To be able to use ANOVA for linear model 
fitting as in our case assumption of normality of residuals must have been complied. This is 
the reason, why Anderson-Darling normality test had to be performed at first. 
P-value of each factor and R2 for different mathematical models were consequently evaluat-
ed until the best model was found. Model with best goodness-of-fit characteristics was quad-
ratic with no interaction term. Temperature can be described as a function of busbar overlap 
and length of groove by following equation: 
𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒[°𝐶] = 22.8692 − 0.0860672(𝑜𝑣𝑒𝑟𝑙𝑎𝑝[𝑚𝑚]) − 0.009238(𝑔𝑟𝑜𝑜𝑣𝑒[𝑚𝑚]) +
0.000470649(𝑜𝑣𝑒𝑟𝑙𝑎𝑝[𝑚𝑚])2 + 0.000318367𝑔𝑟𝑜𝑜𝑣𝑒[𝑚𝑚]2  
R2 for this model was calculated as 86.42%. Response surface and measured average tem-
peratures on thermocouples 3,4,5IN at all given DOE configurations are described on the 
figure below. 
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Fig. 3.17 Response surface of measured data 
3.2.9 Conclusion DOE part 
Statement 1 
Based on the initial experiments it was observed that tightening torque does not have signifi-
cant effect on temperature rise. This measurement was in accordance with theoretical 
screening. This directly poses a question if lower limits for tightening torque could be pre-
scribed. According to switchgear manufacturer prescription of bolts that withstand lower 
tightening torque and can be manufactured from lower quality material might lead to addi-
tional cost savings without interfering quality of a product. 
Statement 2 
As can be seen from Fig. 3.15 changing the length of the overlap has positive effect on tem-
perature rise in the joint. In the average 0.5 °C drop was observed. This fact is in accordance 
with theoretical screening. Unfortunately from technical perspective this effect is very low and 
increasing the length of overlap would also slightly but negatively affect overall cost of a 
product. For this reason this modification was not employed by switchgear manufacturer. 
Statement 3 
Cutting a groove to change pressure field (lowering ductility of the joint) had generally nega-
tive effect on temperature rise. This observation was totally in contrary to expected joint be-
havior from theoretical screening. According to switchgear manufacturer reason for this un-
desired rise of temperature was the lack of material in contact and increased current density. 
The fact that 2 large grooves enabling the change of busbar mutual position were cut in had 
positive impact. As described on figure below. Comparing to initial measurements, where 
only 4 circular holes were drilled in both bars the drop in temperature was observed. Howev-
er removing additional material by drilling a small groove during DOE (Factor X2) was just a 
way too much reduction of area of contact. Drilling a cut-out didn’t bring desired improve-
ment. 
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Fig. 3.18 Average temperature rise on thermocouples 3,4,5IN for two different types of con-
tact – 4circular holes and 2 grooves 
From figure Fig. 3.17 it can be seen that optimum lies in region of middle overlap and small 
cut-out. Adding cut-out in upper bar is main driver of temperature rise which is undesired. 
From this point of view it is recommended to use small or middle busbar overlap with no cut-
out as optimal joint design. Also it is recommended to perform additional investigation of 
busbar behavior to investigate cause of discrepancy between results presented by Slatchev 
from theoretical screening and actual measured data. 
For better understanding of mechanical contact behavior of busbar joint FEA and to gather 
more data for discussion about results of DOE structural analysis was performed. This is 
discussed in following chapter. 
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4. STRUCTURAL SIMULATION OF BUSBAR CONTACT 
4.1 Introduction 
Bhattacharyya: “The problematic of the joint ductility is very interesting and might play an 
important role during the temperature rise test.” [1]  
 
Slatchev: “From the point of joint electrical resistance it is necessary to find pressure distribu-
tion, contact pressure and a depth of penetration in contact as crucial characteristics of bus-
bar joint. Generally it holds, the better contact the lower joint resistance, the lower joint re-
sistance the lower joule heat.” [4]   
4.2 Problem statement 
Problem statement is following: to perform static structural analysis of typical busbar joint, to 
asses results from the point of busbar contact behavior, to analyze structural impact of cut-
ting a groove into a busbar and busbar overlap from previous DOE. 
4.3 System of important variables 
Description of important variables is defined in following table Tab. 4.1.  
Variable Description 
Bolt Pretension Pretension load is used to model a pre-assembly load in 
a joint fastener. 
Contact type Contact type is formulation of contact behavior in as-
sembly. It states whether there exist friction, separation 
or other quantities in contact region.  
Contact pressure Contact pressure is computed as a ratio of resulting con-
tact force in a joint and contact area 
Contact penetration Contact penetration represents true geometric penetra-
tion of two contact bodies 
Contact stiffness In finite element model the amount of penetration be-
tween contact and target surfaces is defined by normal 
stiffness  
Equivalent stress Stress which can be compared with material yield 
strength from tests. Described in section 4.7. 
Tab. 4.1 System of important variables 
 
Note: Contact variables applied in ANSYS are described in section 4.8. 
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Based on list of important variables, busbars application in high voltage switchgear and pre-
vious experimental measurements problem can be simplified.  
From the beginning of structural analysis following factors were not accounted for: 
1) Effect of temperature on any component in simulation. Maximum temperature of bus-
bar joint oscillated in range of 50°C – 60°C during DOE experimental measurements. 
During switchgear operation maximum temperature in joint can reach values around 
90°C. Operation in such temperature level should not have vital impact on defor-
mation or contact pressure in a joint. Thus specific heat and coefficient of thermal ex-
pansion were considered as constants and thermal effects were not implemented into 
the analysis. 
2) Exact roughness of contact surfaces and probabilistic occurrence of peaks and val-
leys on material surface (as described in chapter 3.1.1.2) were neglected.  
 
Furthermore symmetrical behavior of the problem was used in simulation for sake of minimi-
zation of computational time. Symmetry plane (YZ) crossed previous model in center of the 
bar as displayed on fig 4.1. 
 
Fig. 4.1 Position of symmetry plane 
 
4.4 Computational method 
Finite element method was chosen due to dimensional complexity of the problem, no analyti-
cal model available and possible plastic deformations in contact joint. Static structural simula-
tion was setup in ANSYS Workbench and post-processed in ANSYS APDL using scripts writ-
ten in APDL language.   
4.5 Object topology 
Topology and spatial distribution of components was based on experimental assembly used 
for DOE. For precise dimension and additional information please refer to technical docu-
mentation provided in appendix 3.  
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4.6 Simplified model of real busbar joint 
Despite the fact that all components were modeled in Solidworks because of the need of 
technical drawings for manufacturing of experimental assembly they all had to be modeled 
again in ANSYS design modeler. Parametrical model of assembly was necessary because of 
design exploration and different factor levels in DOE. 
During creation of geometry following simplifications were performed: 
1) Screws were modeled without threads. This step was done to leverage meshing and 
to decrease computational complexity of the problem. Modeling full threads would 
lead to abrupt increase of number of elements due to very small dimensions of a 
thread and convergence issues. This simplification was compensated by appropriate 
setting of contact behavior.  
2) Fillets on lateral sides of busbars were not considered. This simplification was done 
to increase mesh quality in contact region and it was made under assumption that 
contact pressure on lateral sides of the joint will be low and adding this small region 
into the contact area would not have significant impact on results. This simplification 
was done on all geometries of all design points from DOE which means that mutual 
comparisons of simulation results are back-to-back. 
 
  
 
Fig. 4.2 Removal of fillets on lateral side on FE model (manufactured bar on the left, bar for 
computational model on the right) 
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Final parametric model used for FE simulation is described on the picture below. All dimen-
sions of model were set as parameters enabling easy building of new geometry and further 
analysis. However from the point of DOE only the length of overlap and the length of groove 
in upper bar were necessary. 
 
 
 
Fig. 4.3 Position of crucial parametrical dimensions in FE model 
4.7 Mesh  
General idea during building the mesh was to describe regions of high interest with fine mesh 
and linearly increase element size out of those regions.  
 
Fig. 4.4 Mesh of DOE assembly 
Geometry of DOE assembly is quite simple thus higher order hexahedral elements could 
have been used by virtue of mapped meshing method. To maintain comparable element 
count and mesh density for all DOE simulations fixed element size was applied on most of 
edges in the assembly. All parts in the model were meshed with element type SOLID186. 
SOLID186 is higher order 3D solid element formed by 20 nodes which exhibits quadratic 
displacements. Each node has three degrees of freedom (translation in x, y and z direction). 
This element type can work with plasticity which had to be implemented into the FE model. 
Discussion of plastic deformations in the model is provided in section 4.8. 
All SOLID186 elements forming a contact between two bodies were re-meshed with ele-
ments CONTA174 or TARGE170. Those are surface elements placed on volume elements 
being used for modeling of contact. Contact elements form a contact surface and target ele-
ments form a target surface. Each contact pair in the assembly is defined by one real con-
stant and it is formed by one contact surface and one target surface. In terms of meshing 
there is a general idea that contact surface should have finer mesh than target surface. This 
idea was implemented within a meshing process. Following Fig. 4.5 provides a cross-section 
of the assembly and red lines highlights position of contact pairs.  
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Fig. 4.5 Position of contact elements in joint assembly 
Mesh quality and number of elements for each component in DOE assembly is summarized 
in following table Tab. 4.2. 
 
Part Name TEST BAR 1 TEST BAR 2 WASHER SCREW NUT  
Nodes 45745 56403 2422 39622 5187 
Elements 8547 10746 420 8764 1050 
Min. Aspect ratio 1.81 1.65 5.79 1.06 3.16 
Max. Aspect ratio 8.79 6.63 12.18 1.65 4.3 
Average Aspect ratio 2.64 2.89 8.98 1.26 3.76 
Tab. 4.2 Mesh statistics of DOE assembly 
Mesh for screws was relatively fine comparing to other bodies because pretension load 
(boundary condition) was applied on screw surfaces. According to ANSYS user guide this 
boundary condition requires fine mesh (please see section 4.9.1.2). 
4.7.1 Mesh convergence 
To check whether obtained solution is mesh independent additional analysis were performed 
when mesh was being refined and change in the solution was analyzed. Three iterations 
were sufficient to find out mesh density for mesh independent solution. Following table 
Tab. 4.3 shows results of three iterations with different mesh density and change in the re-
sponse variables. Percentage change in response variables is always bounded to previous 
iteration. 
 
Iteration 1 2 3 
No. of elements [-] 2452 5131 8668 
Contact area [mm2] 1365.2 1467.3 1451.0 
Contact pressure (response) [MPa] 57.8 55.4 55.2 
% change in No. of elements [-] - 209.3% 168.9% 
% change in Contact area (response) [-] - 107.5% 98.9% 
% change in Contact pressure (response) [-] - 95.8% 99.6% 
Tab. 4.3 Mesh convergence  
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As it is illustrated in table Tab. 4.3 changing the number of elements from 5131 to 8668 led to 
1% change in contact area and 0.4% change of contact pressure. That means that describ-
ing each configuration of DOE assembly with approximately 5000 elements will provide suffi-
cient accuracy in reasonable computational time. For all other analysis in this thesis mesh 
density was kept on this level to provide back-to-back results within all configurations. 
4.8 Material properties 
4.8.1 Material model of copper bars 
All busbars in high voltage switchgears are generally made from either copper or aluminum 
to sustain long and reliable operation. To meet this requirements busbar material needs to 
provide low electrical and thermal resistance, high mechanical strength in tension, compres-
sion and shear, high resistance to fatigue failure etc. [22]   
For switchgear application those requirements are best met by copper. In general copper is 
preferred for its high electrical conductivity (resulting in lower joint resistance), higher elastic 
modulus (providing greater stiffness of a bar), higher hardness (sustaining better resistance 
to mechanical damage) and lower coefficient of linear expansion (simplifying the design). 
Only disadvantage compared to the aluminum is its high density resulting in higher weight. 
Tested bars in DOE were manufactured from rolled plates made of very pure copper (higher 
than 99.96% of compound) with material properties given in table Tab. 4.4 below. 
 
Material Property Value 
Density [kg·m-3] 8810 
Coefficient of Thermal Expansion [°C-1] 1.77e-5 
Young’s modulus [Mpa] 1.10e5 
Poisson’s ratio [-] 0.32 
Yield Strength [Mpa] 365 
Tangent modulus [Mpa] 552 
Tab. 4.4 Description of factors affecting temperature rise in busbar joint 
Note: complete list of mechanical properties of various copper bars can be found in BS EN 
13601: 2013 Copper rod, bar and wire for electrical purposes. 
As can be seen from table Tab. 4.4 Copper stress-strain curve is defined by simplified biline-
ar model shown on the diagram below. This curve was computed from Young’s modulus, 
Tangential modulus and yield strength. 
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Fig. 4.6 Simplified Stress-Strain curve for copper used in simulation (bilinear isotropic hard-
ening model) 
4.8.2 Discussion to the material plasticity and model selection 
Bilinear model was chosen because of high values of tightening torque applied on screws in 
a joint causing stresses which are beyond material yield strength and lead to permanent 
plastic deformations of copper bar. Permanent plastic deformation of bars under washers in 
DOE assembly were observed in experiment as well as predicted by FE simulation. Follow-
ing figures show region of permanent plastic deformation of copper bar computed by FE 
method and real permanent deformation of copper bar observed after DOE experiments.  
 
Fig. 4.7 Simulated total deformation and maximum equivalent stress of copper bar under 
washers, red regions suggest possible plastic deformation  
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Fig. 4.8 Real plastic deformation in predicted regions by simulation 
Due to high stresses in above mentioned regions and plastic deformations rate-independent 
plasticity model had to be implemented into FE simulation. Rate independence of a model 
assumes that all plastic strains develop instantaneously after exceeding certain level of 
stress independently of time. Generally, plasticity theory provides mathematical relationship 
describing the elastic-plastic behavior of material by three main elements: yield criterion, 
hardening rule and flow rule. Yield criterion and hardening rule will be discussed further more 
because selection of those elements plays important role in setup of ANSYS pre-processor.   
4.8.2.1 Yield criterion 
Yield criterion defines the stress level at which yielding occurs. It links individual stresses 
components and compares it with material yield strength. All combinations of individual 
stress components are compared with yield strength which forms the yield surface. When 
equivalent stress lies inside the surface material behavior is elastic. When equivalent stress 
lies on the surface it is said to have reached material yield point and material behavior starts 
to be subjected to plastic deformation. However further deformation of material causing high-
er stress will not move equivalent stress outside of a yield surface. It will still lie on the yield 
surface which will be modified. This is because of assumption of rate-independent plasticity. 
Change of yield surface is called work hardening/softening and will be discussed in section 
4.8.2.2. 
There are various yield criterions. Two most important are Tresca yield criterion and Von 
Misses yield criterion. 
Tresca (maximum shear stress theory) yield criterion 
In terms of principal stresses yield surface can be expressed with following formula: 
𝑚𝑎𝑥(|𝜎1 − 𝜎2|, |𝜎2 − 𝜎3|, |𝜎3 − 𝜎1|) = 𝜎𝑦                                     (4.1) 
Where σ1, σ2, σ3 are principal stresses and σy is the yield strength in uniaxial tension. 
Generally this means that material elastic deformation occurs when all principal stresses are 
roughly of the same size. However when one of the principal stress becomes significantly 
higher (or lower) material is loaded by an important shear stress. If level of shear stress 
Permanent de-
formation of cop-
per bar under 
washer 
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reaches the yield strength of material plastic deformation occurs. Focus on the shear stress 
distinguishes Tresca criterion from Von Misses criterion which considers overall distortion 
energy.  
Von Mises yield criterion 
In terms of principal stresses yield surface can be expressed with following formula: 
√
1
2
[(𝜎1 − 𝜎2)2 + (𝜎2 − 𝜎3)2 + (𝜎3 − 𝜎1)2] = 𝜎𝑦                   (4.2) 
Where σ1, σ2, σ3 are principal stresses and σy is the yield strength in uniaxial tension. 
Following figure Fig. 4.9 describes Tresca and Von Mises yield surfaces. On the left criteri-
ons for three dimensional space are displayed. On the right yield surfaces for two dimen-
sional space are displayed. In 2D elliptical shape is a result of cross-section of Von Misses 
cylinder with σ1σ2 plane. 
  
 
 
Fig. 4.9 Von Mises and Tresca Yield criterions, adapted from [23]  
From Fig. 4.9 it is clear that Tresca yield criterion is more conservative because it predicts 
plastic yielding already for stress states that are still considered as elastic according to Von 
Mises criterion. 
In this thesis if anywhere yield criterion considered for calculation or post processing of re-
sults it stands for Von Mises criterion due to its robustness. 
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4.8.2.2 Hardening rule 
As it was described before, in rate-independent plasticity each stress point remains inside 
the space surrounded by yield surface or on it. This means that with increasing stress yield 
surface can change its size and position. Hardening rule describes this change. In ANSYS 
two hardening rules are available: isotropic hardening and kinematic hardening. In isotropic 
hardening the yield surface remains centered in its position and increases its size. In kine-
matic hardening yield surface remains constant in size but change its position. Both cases 
are described on Fig. 4.10 below. 
 
Fig. 4.10 Isotropic hardening (left), Kinematic hardening (right), adapted from [25]  
 
According to [25] it is advisable to apply kinematic hardening rule for problems related with 
cyclic loading in conjunction with Bauschinger effect. This effect describes decrease of yield 
strength in compression and increase of the yield strength in tension during subsequent load-
ing and unloading of material. During Bauschinger effect distance of 2σy is maintained be-
tween yield strength in compression and yield strength in tension which implies the change of 
yield surface position. Bauschinger effect is described on the figure below. 
 
Fig. 4.11 Kinematic hardening rule and Bauschinger effect, adapted from [25]  
 
On the other hand according to [25] isotropic hardening is preferred for problems encounter-
ing large deflections and it is recommended for description of plastic materials.  
Ucak in [7] provides very dedicated study of the effect of hardening rule selection on stress-
strain response for various materials and various types of loading. Very simplified conclusion 
of this study is that both rules can provide different results when applied on problems sub-
jected to the cyclic loading however both rules provide very similar results for static prob-
lems. It needs to be pointed out that main material tested in this study was steel but in con-
clusion it is stated that results can be extended on different metals. Secondly all FE computa-
tions were performed in ABAQUS however results should be applicable on different solvers 
as well.  
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Based on those results selection of the hardening rule should not interfere results of our sim-
ulation because there isn’t any cyclic load. Despite that additional simulations were per-
formed to confirm this idea. Firstly isotropic hardening rule and secondly kinematic hardening 
rule were applied on one of the DOE configuration. Values of important variables for both 
simulations are compared in table Tab. 4.5. 
 
 ISOTROPIC 
HARDENING RULE 
KINEMATIC 
HARDENING RULE 
Max. total deformation [mm] 0.23118 0.23118 
Max contact penetration [mm] 0.05705 0.05705 
Max equivalent stress in bars [MPa] 421.34 421.34 
Max contact pressure [MPa] 195.36 195.36 
Average contact pressure [MPa] 63.57 63.57 
Normal stiffness of busbar contact at 
last load step [N·mm-3] 
3354.10 3354.10 
Tab. 4.5 Results of important variables for isotropic and kinematic hardening rule 
Results in table above are completely identical and use of different hardening rule had no 
effect on results of our important variables. Both simulations just verified initial assumption 
based on conclusion stated in [7].  
Finally, isotropic hardening rule was chosen and maintained for all simulations within our 
study. 
4.8.3 Material model of steel fastener 
Bolts, nuts and screws are all manufactured from stainless steel. Unfortunately exact materi-
al properties were not known as they were part of know-how of switchgear manufacturer sub-
supplier. Thus material properties were chosen in respect to bill of material (BOM) provided 
in attachment. Fasteners were manufactured from high grade steel most probably from aus-
tenitic steel EN10088 class 1.4436. This European standard is equivalent with American 
ASTM grade 316. Screws identification in BOM suggests that the ultimate tensile strength 
(σu) is 800 MPa and 0.2% proof stress (σ0.2) is 640 MPa.  
Comparing to the mild steel the high strength steel does not have upper and lower yield point 
on its stress-strain curve. Instead of it 0.2% proof stress must be defined. The 0.2% proof 
stress is defined as a level of stress where elongation of specimen after tensile test reaches 
0.2% of its previous length. According to standard ISO 4762 number 8.8 in bolt description 
defines the proof stress as 80% of material ultimate tensile strength which is 800 MPa.  Posi-
tion of 0.2% proof stress on stress-strain curve is displayed below. 
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Fig. 4.12 To the definition of 0.2% proof stress, adapted from [8]  
As it was mentioned earlier after DOE experiments material shown signs of plastic defor-
mation that means that plastic material behavior of fastener must be considered.  
Rasmusen in [8] provides wide database of experimentally measured stress-strain curves for 
high strength stainless steels. More specifically his study provides experimentally obtained 
coefficients characteristic for each steel grade. Those coefficients can be used afterwards to 
compute whole stress-strain curve using the Ramberg-Osgood formulation. 
According to [8] full stress-strain curve can be written as follows: 
 
𝜀 =
{
 
 
𝜎
𝐸0
+ 0.002(
𝜎
𝜎0.2
)
𝑛
   𝑓𝑜𝑟 𝜎 ≤ 𝜎0.2
𝜎 − 𝜎0.2
𝐸0.2
+ 𝜀𝑢 (
𝜎 − 𝜎0.2
𝜎𝑢 − 𝜎0.2
)
𝑚
+ 𝜀0.2   𝑓𝑜𝑟 𝜎 > 𝜎0.2
                                     (4.3)   
All quantities in formula (4.1) were selected from [7]. Those values are corresponding to steel 
EN10088 class 1.4436 with closest specification to steel of our DOE fastener (σu = 800 MPa, 
σ0.2 = 640 MPa). Selected values used in formula (4.3) enabling the description of full stress-
strain curve are listed in table Tab. 4.6 below. 
Quantity Value 
E0 [MPa] – Young’s modulus, 215 000 
σu [MPa] – Ultimate tensile strength 820 
σ0.2 [MPa] – 0.2% Proof stress 635 
εu [mm/mm] – Strain at ultimate tensile strength 0.22 
E0.2 [MPa] – Initial curve modulus* 34145.6 
n [-] – Statistical constant from experiment [7]  7.68 
m [-] – Statistical constant from experiment [7]  3.7 
e [-] – Statistical constant from experiment [7]  0.0029 
Tab. 4.6 Quantities used for construction of stress-strain curve using Ramberg-Osgood for-
mulation 
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*Note: Initial curve modulus (E0.2) characterizes slope of the stress-strain curve in 0.2% proof 
stress and according to [8] it can be computed as follows: 
𝐸0.2 =
𝐸0
1 + 0.002
𝑛
𝑒
                                                                     (4.4)   
Finally full stress-strain curve describing material behavior of fasteners was constructed and 
implemented into ANSYS as multi-linear isotropic hardening plasticity model. Stress-strain 
curve and its tabular definition is stated below on fig 4.13.  
 
Plastic 
Strain 
[mm/mm] 
Stress 
[Mpa] 
0 0 
0.000325581 70 
0.000790778 170 
0.001258623 270 
0.001752518 370 
0.0023844 470 
0.003523826 570 
0.004306342 610 
0.004977091 640 
0.005580729 670 
0.007682331 690 
0.013093698 710 
0.024079124 730 
0.043373547 750 
0.074149513 770 
0.119992406 790 
0.184880837 810 
0.230108105 820 
 
Fig. 4.13 Simplified Stress-Strain curve for fastener used in simulation  
4.9 Boundary conditions 
Description of boundary conditions is divided into two parts. The first describes pretension in 
bolts and the second contact definitions. Following figure Fig. 4.14 describes applied bound-
ary conditions in FE static-structural analysis. The only restriction on displacements was ap-
plied on the bottom section of bars simulating experimental conditions from DOE where ex-
perimental assembly was clamped to the current transformer on one side and supported by 
insulating bar on the other as displayed on figure fig 4.14.  
 
Fig. 4.14 FE model boundary conditions 
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4.9.1 Bolt pretension 
Design of busbar joint is an important factor in switchgear unit. It is important to prescribe 
sufficient pretension in bolts to overcome the effect of harmonic currents which can cause 
mechanical resonances in busbar and very high stresses that can lead to joint failure.  
4.9.1.1 Deriving bolt pretension from tightening torque 
For description of pressure distribution inside the contact the expression of clamping force in 
a joint is preferable than a tightening torque. Pretension (clamping force) is also easier to 
apply as a boundary condition in FE simulation. Conversely tightening torque is more wide-
spread in constructional applications because it can be easily measured and regulated in 
workshop.  
Transformation of tightening torque into pretension load is fairly commented in [6]. There are 
various factors that need to be considered: geometry of screw and washer, friction in thread, 
friction between washer and screw etc. Basically there is a link between the torque applied 
on screw and resulting pretension. It needs to be point out that not all torque applied on the 
screw results in its stretching but typically only 10-15% does. The rest of a torque is dissipat-
ed to overcome friction in thread and friction between nut face and washer.  
Consider typical busbar joint as illustrated on figure Fig. 3.1. According to [6] tightening 
torque T for joint under pretension F can be computed as follows: 
 
𝑇 =
𝐹𝑖𝑑𝑝
2
[
tan(𝜆)+𝑓𝑠𝑒𝑐(𝛼)
1 − 𝑓 tan(𝜆) 𝑠𝑒𝑐(𝛼)
] +
𝐹𝑖𝑓𝑐𝑑𝑐
2
                                            (4.5) 
Where:  
T[Nm] is tightening torque applied on a screw. 
Fi[N] is pretension on the screw as result of tightening torque. 
dp[mm] is mean (pitch) diameter of the thread. 
dc[mm] is collar diameter. 
𝜆[rad] is pitch angle, it can be computed from the lean and diameter of thread. 
α[rad] is main angle of the thread, for metric thread 𝛼 = 30°. 
f[-] is friction coefficient that represents a friction in thread (steel - steel). 
fc[-] is collar friction coefficient for friction under head of nut (steel-steel). 
 
After few steps pretension can be separated on the left side of equation. And the formula for 
pretension is following: 
𝐹𝑖 =
2𝑇
𝑑𝑝 [
tan(𝜆)+𝑓𝑠𝑒𝑐(𝛼)
1 − 𝑓 tan(𝜆) 𝑠𝑒𝑐(𝛼)
] +
𝑓𝑐𝑑𝑐
2
                                                   (4.6) 
For metric bolt geometrical factors are described on following figure Fig. 4.15. 
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Fig. 4.15 Metric thread, adapted from [6]  
Mean (pitch) diameter can be computed from major diameter and from height of the thread. 
Situation is described on Fig. 4.15. 
𝑑𝑝 = 𝑑 −
6
8
𝐻                                                                            (4.7) 
Where, height of the thread can be computed from basic triangle of thread, shown on figure 
Fig. 4.15. 
𝐻 =
√3
2
𝑝                                                                                 (4.8) 
Where, p is the pitch of the thread. The pitch angle can be computed from the lean l and ma-
jor diameter d. If we consider single-threaded screw then lean is equal to pitch. 
And it holds: 
tan(𝜆) =
𝑙
𝜋𝑑
=
𝑝
𝜋𝑑
                                                                         (4.9) 
Lean and forces reacting on the thread are shown on following figure Fig. 4.16. 
 
Fig. 4.16 To definition of lean and pitch angle, adapted from [6]  
Finally member of formula (4.4) containing a collar diameter dc represents a torque that is 
being dissipated to overcome friction under the nut face. In this modeled case, steel washer 
and steel nut is used without any lubrication. Collar diameter depends on stress distribution 
under the nut face, according to [6] it can be computed from major diameter dc. Or just as an 
average between outer diameter of washer and inner diameter of nut. 
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𝑑𝑐 =
𝑑 + 1.5𝑑
2
                                                                        (4.10) 
All dimensions for metric thread can be found in engineering tables as well. It was highlighted 
here just for better understanding of quantities in formula (4.4). 
The choice of friction coefficients reaches high importance. In this modeled case they are 
chosen from tables in [24] for materials without any lubrication. It needs to be stated that 
here comes the place where the largest inaccuracy can occur. Because there were no test 
performed to analyze friction in modeled joint used for DOE measurements. Results and in-
put values used for transformation of tightening torque into pretension are displayed in table 
Tab. 4.7. Resulting pretension load of 35 461 N was applied as boundary conditions for each 
screw in FE structural simulation.  
Input Quantity Value Output Quantity Value 
Major diameter d [mm] 12.00 Mean (pitch) diameter dp [mm] 10.86 
Thread angle 𝛼 [deg] 30.00 Pitch angle 𝜆 [deg] 2.65 
Pitch p [mm] 1.75 Collar diameter dc [mm] 15.00 
Coef. of friction in the thread 
(steel - steel) f [-] 
0.15 Pretension Fi [kN] 35 461.00 
Coef. of collar friction (steel-
steel) fc [-] 
0.12   
Tightening torque T [Nm] 80.00   
Tab. 4.7 Quantities used for computations 
4.9.1.2 Bolt pretension definition in ANSYS 
Bolt pretension in ANSYS can be applied on bodies, surfaces or line bodies in 2D and 3D. It 
can be prescribed as a force [N] or displacement [m]. After it is applied on fastener prepro-
cessor cuts the meshed fastener into two parts and inserts pretension elements. Cutting sur-
face of fastener is created automatically unless directly specified by a user and it can have 
any shape. [3]  
The only constrain here is that, both sections of fastener must have coincident nodes in cut-
ting surface. This is displayed on following figure Fig. 4.17. Left picture displays horizontal 
cutting surface on actual mesh used in this thesis. Right picture displays theoretical case 
related to unstructured grid demonstrating the possibility of non-straight cutting surface to be 
used for bolt pretension boundary condition. 
 
 
Fig. 4.17 To the definition of pretension load in ANSYS 
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Direction of pretension load or displacement is prescribed by a user. In our case it was per-
pendicular to cutting surface which was parallel to contact surface of both busbars – parallel 
to the axis of the screw. Position of section plane on screws where the pretension load was 
applied is displayed on following figure Fig. 4.18. Cutting surface lies in position where step 
change of directional deformation occurs. Z axis is parallel to axis of screws. 
 
Fig. 4.18 Position of section plane where pretension load was applied 
4.9.2 Contact definitions 
As two different bodies cannot penetrate each other because it would lead to unphysical re-
sults contact definition must be put between those two bodies to constrain global stiffness 
matrix.  Appropriate contact setting is the most important part in static-structural analysis in 
terms of convergence. Following table Tab. 4.8 shows combination of contact setting which 
seemed to be appropriate after few initial runs in respect to convergence and computational 
time. This combination was implemented into all DOE analysis. 
Contact Name 
Property 
busbar to 
busbar 
washer to 
busbar 
nut to 
washer 
washer to 
screw 
head 
washer to 
screw 
screw to 
nut 
Type Frictional Bonded 
Friction Coef. 1.2 0.2 0.12 0.12 0.15 - 
Behavior Symmetric Asymmetric 
Trim Contact Off 0.1 mm Off 
Formulation Pure Penalty 
Stiffness Update Each Iteration 0.8 0.5 
Program 
Controlled 
Tab. 4.8 Contact settings 
Most efforts were put into definition of contact region between two copper bars because re-
sponse variables were computed in this region. Initial contact status for this contact region 
and its position is highlighted on figure Fig. 4.19 below. 
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Fig. 4.19 Busbar-to-busbar contact status and position 
4.9.2.1 Contact type 
Choice of contact type depends on the type of problem being solved. As contact pressure 
distribution was main area of interest in this thesis frictional contact type was implemented. 
This is non-linear contact type which can model gaps and more accurately compute true area 
of contact. However this better accuracy is compensated with longer computational time and 
convergence issues. [26]  
In frictional contact type, two contact surfaces can carry shear stresses up to certain level 
before they start to slide along each other. This state is known as “sticking”. When this level 
of shear stress is exceeded another state called “sliding” occurs. Contact status of busbar-to-
busbar contact is displayed on figure Fig. 4.19.  
Friction coefficients were chosen for materials without any lubrication from [24]. 
4.9.2.2 Contact behavior and contact trim 
Difference between asymmetric and symmetric contact behavior is just in fact that asymmet-
ric contact has one contact face and one target face i.e. only one contact pair is created. 
Whereas for symmetric contact both faces act as a contact and target and two contact pairs 
must be resolved. Question what face to choose as a contact and target is related to the 
mesh on both faces and simulation. This is commented in section 4.7. 
Trimming the contact leverages speed of solution by reducing the number of elements that 
are sent to solver input. Trimming the contact performs checking of distance between contact 
and target elements. If those elements are not in proximity they are not sent into the solver 
input file. Contact trimming was used only for washer to busbar contact where the target face 
was much bigger than contact face saving the computational time. 
4.9.2.2 Contact formulation 
Contact formulation basically establishes the link between contact and target nodes to pre-
vent interpenetration of two bodies that means reaching the unphysical results. In ANSYS 
Workbench v.14.5 following contact formulations can be used: pure penalty, augmented, 
Lagrange, MPC and normal Lagrange. After few initial iterations of FE model setting pure 
penalty was chosen to model contact in busbar joint. Pure penalty approach can be de-
scribed with the help of following figure Fig. 4.20. 
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Fig. 4.20 To the definition of Pure penalty contact formulation, adapted from [26]  
In a nutshell Pure penalty bounds contact and target nodes with a spring. Behavior of this 
spring can be described by following equation: 
𝐹𝑁 = 𝑘𝑁𝑥𝑝                                                                         (4.11) 
Where: 
FN[N] is normal force. 
kN[N·m
-1] is contact normal stiffness. 
xp[m] is contact penetration. 
If this spring had infinite stiffness no penetration would occur. Of course exact zero penetra-
tion can never be reached in numerical computation. However if this penetration is small 
enough or negligible solution is numerically correct. Unfortunately setting very high contact 
stiffness can lead to convergence issues.  
4.9.2.2 Contact stiffness 
The amount of penetration between contact and target surfaces depends on normal stiffness. 
The amount of slip in frictional contact depends on tangential stiffness. Higher stiffness val-
ues decreases the amount of penetration/slip, but can lead to ill-conditioning of global stiff-
ness matrix. To sustain accuracy of solution contact stiffness should be as highest as possi-
ble (infinity in ideal case). However, starting with high initial contact stiffness can lead to con-
vergence issues. For this reason contact stiffness was ramped and updated during a solu-
tion. Evolution of contact stiffness for busbar to busbar contact is demonstrated on following 
figure Fig. 4.21. 
 
Fig. 4.21 Ramping of contact stiffness during a solution 
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4.10 Analysis of results 
To provide DOE analysis of all configurations similar like in case of experimental measure-
ments response variable had to be defined. Response variable was defined based on very 
simple idea (also discussed in section 4.11): 
Electrical joint resistance is the lowest if contact is tight enough => Contact is tight enough 
when bars are pressed together by appropriate force acting on their common surface => 
force work is described by average contact pressure => best joint configuration is the one 
with highest average contact pressure 
ANSYS Workbench v.14.5 does not allow to output average contact pressure thus macro 
provided in attachment 5 was created in APDL. This macro integrates contact pressure in 
whole contact area at firsts and afterwards it averages it over contact area.  
In general, this code picks only contact elements in bar-bar contact and gets average contact 
pressure under condition that this pressure is positive. Negative contact pressure might rep-
resent unphysical result. This condition is applied just to avoid possible output in single node 
and to prevent termination of post-processing. For all configurations solved in this thesis 
code produced same result even without this condition of positive contact pressure but leav-
ing macro in this form is more general.  
Results from ANSYS were reviewed in MINITAB same as results from experimental testing, 
ANOVA was performed and main effects and interactions were analyzed.  
Average contact pressure for different configurations is stated in following matrix: 
 
Fig. 4.22 Results of ANSYS simulation – average contact pressure between copper bars for 
all DOE configurations 
 
On the first look it can be seen that increasing the overlap has negative effect on average 
contact pressure. Increasing the overlap led to the drop of average contact pressure whereas 
adding a groove improved contact quality in all cases. Contribution of both factors is dis-
played on main effects plot below. 
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Fig. 4.23 Results of ANSYS simulation – Main effects 
When plotting the interaction plot it can be seen that there is significant increase of average 
contact pressure when adding 35 mm cut-out. Afterwards adding 70 mm cut-out does not 
bring that much improvement like going from 0mm to 35mm.  
 
Fig. 4.24 Results of ANSYS simulation – Main effects 
Explanation of why contact pressure drops when length of the overlap increases is straight-
forward. Four bolts sustaining bars to remain in fixed position generate still the same force. If 
overlap increases area of bar-bar contact grows and the ratio of force/area drops. This can 
cause that contact pressure far from bolts is low or zero and those regions may not align 
correctly. Following two figures brings comparison of contact pressure field for maxi-
mum/minimum cases. Note the difference between areas of zero contact pressure (blue col-
or). For maximum overlap case this region is much bigger. 
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Fig. 4.25 Contact pressure distribution for maximum overlap with no cut-out 
Fig. 4.26 Contact pressure distribution for minimum overlap with no cut-out 
Contact pressure field changes when the cut-out is added. Contact pressure pattern and 
maximum value changes as a product of different force distribution in the joint. Bar with cut-
out becomes less stiff and the contact is better. Zero contact pressure area gets smaller as 
well. Situation can be demonstrated on maximum/minimum overlap positions. 
For maximum overlap position average contact pressure increases from 55.4 MPa to 68 MPa 
when 70 mm cut-out is added. Maximum value of contact pressure rises from 178.21 MPa to 
222.83 MPa. Contact pressure distribution changes from the one displayed on Fig. 4.25 to 
the pressure distribution displayed on following figure 4.27. 
Fig. 4.27 Contact pressure distribution for maximum overlap with 70 mm cut-out 
For minimum overlap position average contact pressure increases from 68.2 MPa to 
73.9 MPa when 70 mm cut-out is added. Maximum value of contact pressure rises from 
226.7 MPa to 232.87 MPa. Contact pressure distribution changes from the one displayed on 
Fig. 4.26 to the pressure distribution displayed on following figure 4.28. Contribution of drill-
ing a cut-out is much lower in this position. When small overlap is used initial contact pres-
sure is high and drilling a cut out doesn’t bring much improvement. 
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Fig. 4.28 Contact pressure distribution for minimum overlap with 70 mm cut-out 
In the end of simulation, results were post-processed in the same way as in case of DOE. 
Response function was represented by average contact pressure. After ANOVA following 
linear model was derived: 
𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒[°𝐶] = 5.6825 + 0.9453(𝑜𝑣𝑒𝑟𝑙𝑎𝑝[𝑚𝑚]) − 0.0545(𝑔𝑟𝑜𝑜𝑣𝑒[𝑚𝑚]) 
+0.0069(𝑜𝑣𝑒𝑟𝑙𝑎𝑝[𝑚𝑚])2 + 0.0022(𝑔𝑟𝑜𝑜𝑣𝑒[𝑚𝑚])(𝑜𝑣𝑒𝑟𝑙𝑎𝑝[𝑚𝑚])  
R2 for this model was calculated as 95.77%. Response surface and simulated average con-
tact pressure for each configuration are described on figure Fig. 4.29 below. Searching for 
optimal joint design, maximum of contact pressure response surface was found for middle 
overlap. This was also the case for DOE temperature measurements where optimal joint de-
sign was represented by middle busbar overlap (please see Fig. 3.17). However from struc-
tural simulation point of view adding a groove should have lead to steep increase of contact 
pressure and improvement of joint quality suggesting the temperature drop to be observed 
during experimental measurements. But this was not a case and this trend was not con-
firmed by DOE measurements. 
 
Fig. 4.29 Response surface for average contact pressure based on FE structural simulation 
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4.11 Conclusion FE structural simulation 
Based on FE structural simulation increase of the busbar overlap leads to the drop of aver-
age contact pressure. Considering the assumption that higher contact pressure drives con-
tact better quality (as discussed in sections 4.10 and 3.3.1 and widely commented in [4], [5]) 
configurations with highest length of overlap should show worst results in terms of tempera-
ture rise and voltage drop in DOE experimental testing. However opposite was true and op-
posite effect was measured by DOE experiments.  
The most possible root cause of this difference was the lack of material in experimental as-
sembly caused by drilling two groves in one bar enabling the change of busbar mutual over-
lap. This led to the increase of current density which amplified electrical loss. Increasing the 
overlap and getting much bigger contact surface improves the contact from electrical point of 
view. This is commented in [3] and same trend was observed in experimental testing. De-
spite the fact that average contact pressure is low for big overlaps and the structural contact 
quality is low accordingly the electrical effect is most probably much bigger and leads to low-
er contact resistance and temperature drop.  
When keeping the length of overlap fixed one interesting feature was found. Adding a small 
cut-out improves contact structural quality and in the same time it does not remove that much 
material that would lead to drop of electrical quality. This leads to lower voltage drop and 
lower temperature rise. Based on the results of structural simulation steep increase of con-
tact average pressure is the cause of this improvement when moving from 0 mm to 35 mm 
cut-out length. For future it would be interesting to re-test the effect of adding a groove on 
geometry without two large grooves used for setting of joint overlap to confirm this conclu-
sion. 
Based on the experimental results it was recommended to use middle overlap (88mm) with 
no cut-out as the optimal contact setting. The reason is that temperature drop is not really 
significant when drilling a small cut-out changing the contact stiffness. And also that 88mm 
overlap configuration showed best performance in simulation as well as experimental meas-
urement. At last drilling a cut-out would also lead to higher costs of work.  
Even though that effect of drilling a cut-out into the bar on overall joint temperature rise was 
not finally very high. It was proved by tests and simulation that there can be an improvement 
when drilling small cut-out and changing contact stiffness. Also it was confirmed that struc-
tural quality of contact plays important role in design of busbar joints as proposed by 
Slavtchev in [4].  
Al last, this thesis brought methodology how to model busbar joint, how to deal with nonline-
arity in contact structural simulation and how to describe contact quality by average contact 
pressure. 
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5. FINAL DISCUSSION 
High voltage switchgears are important components for electrical energy distribution and its 
transmission from power plants to end customers. In process of switchgear operation electri-
cal current passing through switchgear conductors generates heat. This heat is dissipated 
and causes temperature rise of switchgear components. Excessive heating of switchgear 
components can lead to switchgear failure and serious quality shortfall. Therefore strict tem-
perature limits defined by standard ČSN EN 62271-1 must not be exceeded. This creates 
tough design considerations and each new design of switchgear unit must pass through 
temperature rise test where temperature on all switchgear critical parts is strictly controlled. 
In practice, temperature rise test is the key test which is the most difficult to pass during long 
process of high voltage switchgear development.  
Main goal of this thesis was to perform detail study of heat transfer inside high voltage 
switchgear cabin providing better understanding of air flow and temperature distribution over 
switchgear critical components. Afterwards to bring proposals of switchgear layout modifica-
tions leading to temperature drop on critical components controlled during temperature rise 
test. Second goal of this thesis was to perform detail analysis of busbar joint as one of the 
most important sources of heat dissipation inside switchgear cabin. 
To challenge this problem combination of experimental measurements and computer simula-
tions was applied. Aim of experimental measurements was to find accurate boundary condi-
tions for computational fluid dynamics (CFD) model and to verify CFD model accuracy. For 
purpose of experimental measurements of temperature distribution inside switchgear cabin 
laboratory stand had to be prepared and right switchgear operation conditions had to be set-
up. Temperature measurement was performed using thermocouples and temperature was 
being registered until steady state values were found during switchgear operation. Experi-
mental testing was made possible by Heat Transfer and Fluid Flow Laboratory of Brno Uni-
versity of Technology and very good test repeatability was ensured. Because of complexity 
of this measurement capacity of laboratory had to be used for several months. By virtue of 
experimental measurement critical components representing major heat sources were clearly 
identified. Critical component in terms of temperature rise was middle contact pin, where 
maximum temperature of 95.5°C was observed. This high temperature measured served as 
a warning that current switchgear design might be on the limit during temperature rise test 
defined by ČSN EN 62271-1. This warning actually initiated efforts to take countermeasures 
to improve temperature rise on this component to increase chances to be in safe region of 
passing temperature rise test. 
Switchgear cabin is filled with air. During switchgear operation electrical components heat up 
and significant heat flux from solid parts into air is established. Temperature of air close to 
heat sources rises and air density decreases which produces buoyancy forces and fluid mo-
tion driven purely by natural convection is developed. To capture this phenomena detail CFD 
model of switchgear cabin was prepared. Model was based on real switchgear geometry and 
consisted of fluid domains representing air filling inner space of switchgear cabin and solid 
domains representing electrical components. In total four CFD simulations were discussed in 
this thesis. One simulation for reference geometry of switchgear unit and three simulations 
for switchgear with modified geometrical layout. Initial CFD model of reference geometry 
showed very good agreement with experimentally measured data (3% difference in tempera-
ture rise on middle contact pin). By analysis of CFD results for reference geometry important 
area of mixing of hot air exiting the cabin and cold air entering from outside of the cabin was 
discovered. Geometrical modifications of switchgear layout were proposed with respect to 
mitigate this excessive mixing of hot and cold air blocking cold air inflow into the cabin. Un-
fortunately safety and manufacturing instructions of switchgear manufacturer put very strict 
restrictions on possible design modifications thus design space for almost any switchgear 
modification was very limited.  
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For all layout modifications circuit breaker compartment of switchgear unit was split into two 
channels separating hot and cold air streams by adding partitioning plates. All presented 
modifications improved air flow path governing cold air to area of critical electrical compo-
nents. This led to enhance of heat transfer from electrical components to surrounding air and 
temperature drop on critical components. Highest improvement was predicted for geometry 
with circuit breaker compartment split by vertical profiled plate in upper section and horizontal 
plate in bottom section of switchgear unit. Calculated temperature drop for this modification 
reached 11.8°C (12% improvement) on critical contact pin. Despite the fact that highest im-
provement was observed this modification was not implemented for new switchgear design 
for its manufacturing complexity. Finally, modification using one vertical plate splitting circuit 
breaker compartment was selected and manufactured. This modification predicted 9.8°C 
(10% improvement) temperature drop.  
For verification of CFD results of switchgear with modified layout additional experimental 
testing was performed. Partitioning plate was manufactured once from steel and once from 
plastic to account for effect of different material on heat transfer. Adding a plastic wall led to 
3.4°C (4.8%) improvement in terms of temperature rise on middle contact pin. And 3.2°C 
(4.5%) improvement for steel wall was observed. Effect of different material was considered 
as negligible. Despite the fact that improvement predicted by CFD was slightly higher than it 
was measured in reality by final experiment on switchgear with modified geometry correct-
ness of CFD prediction was confirmed. To gain 4.8% (3.4°C) drop in measured temperature 
rise on the most critical component only by minor modification of current switchgear geome-
try is considered as great success. In practice maximum temperature rise lies very close to 
maximum acceptable limits defined by ČSN EN 62271-1 and each 1°C temperature drop can 
determine about switchgear design passing temperature rise test. 
Results of this work clearly demonstrate that significant improvement of temperature rise of 
switchgear critical components can be reached by modification of switchgear layout. Pro-
posed layout modification presented in this work can be implemented into development of 
new switchgear units for its light design change and high benefit. 
In the second part of this thesis problematic of copper busbar jointing was analyzed. Busbar 
joints and contacts are main sources of heat in high voltage switchgear. Rate of electrical 
energy dissipation into heat depends not only on electrical but also on mechanical quality of 
busbar contact. After analysis of current state of technology three important factors affecting 
quality of busbar joint of given cross section were identified. Those were tightening torque 
applied on bolts, length of busbar overlap and busbar contact stiffness represented by drilled 
slot into copper bar. Coupled structural-thermal-electric phenomenon was found too difficult 
to simulate by finite element method thus experimental approach was preferred. On the other 
hand to perform temperature measurements till steady state for each factor level would re-
quire excessive capacity and resources. To mitigate this problem statistical method of Design 
of Experiment (DOE) was applied. By virtue of this method temperature response on each 
factor could have been identified.  
From experimental testing it was observed that tightening torque does not have significant 
effect on temperature rise of busbar joint. This observation was in accordance with theoreti-
cal assumptions. Application of this new knowledge gained into switchgear production poses 
a question if bolts currently used in production cannot be substituted for bolts manufactured 
from lower quality material with lower tightening torque applied. This would lead to cost sav-
ings in production without interfering product quality. Additionally it was found that increasing 
busbar overlap has small but positive effect on lowering the temperature rise. Last observa-
tion from DOE was totally in contrary to expected joint behavior from theoretical screening. 
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Drilling a slot into busbar and lowering its ductility should have caused different pressure 
distribution in contact and improve joint conductivity lowering electrical losses inside the con-
tact which would lead to lower heat dissipation. However negative trend was observed and 
higher temperature rise was measured for joint configurations with drilled slot. 
Structural simulation of busbar joint was performed to investigate the source of this differ-
ence between experiment and expected theoretical joint behavior. The idea that drilling a slot 
into the bar increases average contact pressure inside the joint presented by Slatchev in [4] 
and [5] was confirmed. However the link between higher contact pressure inside the joint and 
lower heat dissipation was not entirely confirmed by experiment. Possible explanation of this 
discrepancy was excessive removal of material in case of experimental joint assembly used 
for DOE. This material removal caused drop in electrical quality of contact. Despite this dis-
crepancy optimal busbar overlap was proposed and further analysis of problem of joint ductil-
ity was suggested. 
On the top, this thesis brought methodology how to measure and model natural convection 
problem in switchgear cabin. CFD results were verified by experimental testing and pro-
posals of switchgear layout modification were implemented into development of new switch-
gear units. Main sources of heat were analyzed by experiment and finite element simulation. 
Clear conclusions leading to temperature drop on critical parts were drawn and discussed 
with development team of switchgear unit manufacturer. 
The most useful future work with respect to this study would be to perform detail analysis of 
different types of switchgear units and to develop tool enabling approximate switchgear 
thermal analysis already in switchgear design stage without a need of difficult CFD simula-
tions or experimental measurements. This would require series of analysis with similar ap-
proach as discussed in this thesis to be performed. After gaining more knowledge about heat 
power of separate electrical components and about effect of switchgear layout modification 
on temperature rise simplified model could be developed. 
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APPENDIX 1 
Position of thermocouples for experimental measurement – 1st experiment 
A1  
B1 
C1 D1 
E1 F1 
L2 - L3 phase connection Measuring a voltage drop on CT  
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Position of thermocouples for experimental measurement –2nd experiment 
A2 B2 
C2 D2 
E2 F2 
G2 Measuring a voltage drop on CT  
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APPENDIX 2 
Temperature evolution for DOE experimental measurements 
Fig. 5.1 Temperature evolution, Initial measurement 1 - reference assly. - 4 holes, 
800A, 40Nm 
Fig. 5.2 Temperature evolution, Initial measurement 2 - reference assly. - 4 holes, 
800A, 80Nm 
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jFig. 5.3 Temperature evolution, Initial measurement 3 - reference assly. - 4 holes, 
800A, 10Nm 
Fig. 5.4 Temperature evolution, Initial measurement 4 - reference assly. - 4 holes, 
1250A, 80Nm 
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Fig. 5.5 Temperature evolution, Initial measurement 5 - reference assly. - 4 holes, 
1250A, 40Nm 
Fig. 5.6 Temperature evolution, Design point DP00 - overlap length: 65mm, drilled 
cut-out: 0mm, 800A, 80Nm 
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Fig. 5.7 Temperature evolution, Design point DP10 - overlap length: 88mm, drilled 
cut-out: 0mm, 800A, 80Nm 
Fig. 5.8 Temperature evolution, Design point DP20 - overlap length: 110mm, drilled 
cut-out: 0mm, 800A, 80Nm 
Note: Oscillation of temperature are visible on thermocouple T7, this was caused by 
its wrong function and this thermocouple was replaced. Steady state temperature 
was calculated as an average for last 20 minutes from manual registering  
FSI VUT VUT-EU-ODDI-13303-01-15 Energetický ústav 
 
 
 
Fig. 5.9 Temperature evolution, Design point DP01 - overlap length: 65mm, drilled 
cut-out: 35mm, 800A, 80Nm 
Note: Problem on data logger occurred and temperature was not measured from the 
beginning, however steady state temperature was successfully achieved 
Fig. 5.10 Temperature evolution, Design point DP11 - overlap length: 88mm, drilled 
cut-out: 35mm, 800A, 80Nm 
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Fig. 5.11 Temperature evolution, Design point DP21 - overlap length: 110mm, drilled 
cut-out: 35mm, 800A, 80Nm 
Fig. 5.12 Temperature evolution, Design point DP02 - overlap length: 65mm, drilled 
cut-out: 70mm, 800A, 80Nm 
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Fig. 5.13 Temperature evolution, Design point DP12 - overlap length: 88mm, drilled 
cut-out: 70mm, 800A, 80Nm 
Fig. 5.14 Temperature evolution, Design point DP22 - overlap length: 110mm, drilled 
cut-out: 70mm, 800A, 80Nm 
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APPENDIX 3 
Technical documentation  
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BÍLEK 23.7.2013
Item Component ID Description CZ Description EN count
0 DOE_ASSLY DOE SESTAVA DOE ASSEMBLY -
1 TEST_1 TESTOVACÍ PAS 1 TEST BAR 1 1
2 TEST_2 TESTOVACÍ PAS 2 TEST BAR 2 1
3 INPUT PŘÍVOD PROUDU CURRENT INPUT 1
4 9ABA450017P0316 ŠROUB ISO4762 M12x45-8.8./A3K SCREW ISO4762 M12x45-8.8./A3K 8
5 9ADJ400344P0111 PODLOŽKA DIN 6796 12-SPST/A3K WASHER DIN 6796 12-SPST/A3K 16
6 9ABA450025P5022 MATICE ISO4032 M12-8/A3K NUT ISO4032 M12-8/A3K 8
8 CABLES KABELY ŘIPOJOVACÍ CONNECTING CABLES 2
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APPENDIX 4 
Devices for Temperature measurement 
 
Alhborn data logger 
ALMEMO® 2890-9 
Precision class: AA 
Measuring rate: 2.5 / 10 / 50 / 100 mops 
(measuring operations per second) 
Measuring inputs: 9 ALMEMO® input sockets 
Additional channels:4 function channels 
 
RAYTEK Infrared thermometer 
Model Number: 3I2MSC Raytek 3i  
Accuracy: ±1.0% of reading or ±1.0°C 
Temperature range: 200~1800C 
Response time: 550ms  
Sighting: Single point laser 
 
*diameter of spots with known emissivity 
calculate by virtue of Fig. 5.15 
Tab. 5.1 Devices for temperature measurement 
 
 
Fig. 5.15 Diagram for setup of spot size for RAYTEK infrared thermometer 
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APPENDIX 5 
APDL Macro for post-processing contact pressure in section 4  
 
set,last 
 
!Choose contact pair 
esel,s,type,,cid 
 
!Get number of contact elements in contact pair 
*get,pocetel,elem,,count  
my_pocetel=pocetel 
 
*dim,elpole,array,pocetel  !Create array of contact elements CONTA 174 
 
!Sort contact elements 
*get,elpole(1),elem,,num,min  
*do,j,2,pocetel  
   elpole(j) = elnext( elpole(j-1) )      !elnext picks higher elements  
*enddo  
 
! cycle through elements 
*do, ii, 1, pocetel  
  ! Pick one element and get his properties  
 e_elem = elpole(ii)                          
       esel,s,elem,,e_elem                           
       etable, e_pres, cont, pres  
       etable,contstat,cont,stat         
       *get, e_area, elem, e_elem, area  
       *get, res_press, elem, e_elem, etab, e_pres  
  e_area = 0 
   
  ! Pick only elements with positive pressure   
       *if,res_press,gt,0.0,then    
   ! Compute overall contact pressure 
             e_press_sum = e_press_sum + res_press*e_area  
   ! Compute overall contact area              
       e_area_cont = e_area_cont + e_area  
       *endif  
*enddo  
 
! Output variables 
my_cont_press=e_press_sum/e_area_cont  
my_cont_area=e_area_cont 
